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In this study, the crystallographic structure and orientation of iron nanoparticles in

carbon nanotubes (CNTs) were revealed. It was found that while many ofthe

nanoparticles encapsulated inside as-synthesized CNTs had the expected a-Fe (body-

ccntcrcd-cubic) phase, a significant number of them formed and retained the y-Fe (face-

centered-cubic) phase that is not the normal bulk phase at room temperature (nor even

expected to form at the growth temperature used (700 °C)). Through characterization by

transmission electron microscopy, the proportion ofy-Fc inside as-synthesized CNTs was

found to be almost as high as 40%. It was also found that iron particles at the tips of the

nanotubes were either a-Fe or ccmcntite (FejC). Based on these observations and

thermodynamics, a mechanism for the formation of these particles and insights into CNT

growth are proposed. It was also found that stable y-Fe could be selectively synthesized

by transforming a-Fe confined in CNTs under electronic irradiation in transmission

electron microscopy. By transforming a-Fe into y-Fe with electronic irradiation, the



portion ofa CNT containing the iron particle can modify its physical properties due to the

difference in the strain and charge transfer induced by the transformation. Therefore, the

synthesis ofy*Fe by this method may suggest not only a way ofusing y-Fc as a catalyst,

but a way of engineering a CNT for electronic and optoelectronic applications. By

annealing CNTs at various temperatures, it was found that CNTs, heated above 1400 °C

and cooled to room temperature, contain twice as many y-Fe particles as a-Fc particles.

Also, it was found that iron particles are aligned in CNTs in specific directions. That is,

o-Fc is oriented along the <1 1 1> or <00l> directions of its bcc structure, and y-Fc is

along the <110> direction of its fee structure. These orientations of the iron particles were

not changed with heat treatment up to 1600 °C. A mechanism for transformation of a-Fe



CHAPTER I

1. INTRODUCTION

Since nanoscalc materials came into the spotlight in the early 1990s, a great

number ofnanocrystals have been synthesized and characterized. A variety of nanotubes,

nanowircs, and quantum dots have been produced and used for diverse applications.

Other than carbon, boron nitride, molybdenum sulfide, and tungsten sulfide nanotubes,

sodium chloride, and zirconia nanotubes have been fabricated [I-5J- Nanowires of zinc

oxide, silicon, gallium nitride and indium phosphide have been also synthesized and their

electrical or optical properties have been characterized [6-12], In addition, semiconductor

nanocrysiais (quantum dots) were synthesized and have been used as immunofiuoresccnt

markers [13-16], Along with the synthesis ofnew nanomatcrials, characterization of their

crystal structures, which may be quite different from their bulk counterpart, is required to

determine their performance in potential applications.

Numerous studies have also been carried out on materials confined in microsized or

nanosized capillaries because they may show new kinds of phase transitions and shills in

phase coexistence curves that arc not found in bulk materials. Therefore, fluids confined

in a slit-like capillary were studied. The analyses focused on the dependence of shifts in

the critical temperature on the size of the capillary and on the nature of the capillary
[

1
7-

19). The ratio of surface to volume is increased and the interaction between fluids and

capillaries becomes more important relative to the case of bulk fluids as the size of

capillaries is reduced. Therefore, the critical behavior and phase coexistence curves of

fluids confined in capillaries can be modified. In fact, it was found that the bulk critical



temperature located at the end of the vaporization curve may be lowered. Moreover, the

fusion curve ofthe confined fluid may also have a critical temperature or, radter, may be

eliminated even though bulk materials do not have a critical temperature in the fusion

curve. Aluminosilicate and aluminophosphatc for crystalline pores, and silica aerogel and

activated C aerogel for amorphous pores have been used as one-dimensional microsized

and nanosized pores [20],

A carbon nanotubc (CNT) is a graphite sheet rolled up into a seamless, cylindrical

tube structure. It has been found to have various attractive electrical, thermal, and

mechanical properties- Besides these merits, another fascinating advantage ofCNTs is

that they possess translucency to electron beams and structural stability. Therefore, CNTs

materials with electron microscopes. Diverse methods to confine materials in carbon

nanotubes can be employed which will be introduced in a following chapter.

Micro-porous and nano-porous materials are broadly employed in the chemical,

petrochemical, and food industries for gas adsorption, mixture separation, and even

fabrication ofcarbon nanotubes. Therefore, a fundamental undcistanding of the

crystallographic structures and orientations of materials confined in porous materials is of

great importance and can lead to significant improvements in exploiting materials in an

abnormal state different from the bulk materials.

The objectives of this study are (I ) to investigate the crystallographic structures and

orientations of nanosized iron particles encapsulated in as-synlhcsizcd CNTs; (2) to

propose a mechanism to explain the results observed in (
I ) and find data or previous

work to support the mechanism; (3) to monitor the behavior of the iron particles encased



by CNTs with various annealing temperatures or under electronic irradiation; and (4) to



CHAPTER 2

2. BACKGROUND

Iron has a body-centered cubic (bee) crystal structure (a-Fc) (space group lm3m) in

the ambient atmosphere. cr-Fe transforms to y-Fe (space group Fm3m) with a face-

centered cubic (fee) crystal structure at 9 1 2 °C. At 1394°C y-Fe transforms back to the

bcc structure (8-Fe) before it melts at 1538 °C (Figure 2-1) [21]. These rather abnormal

transformations of iron arc induced by the transition in its magnetic properties; the Curie

transition from the ferromagnetic (spin ordered) to the paramagnetic (spin disordered)

state causes a substantial change in the heat capacity and entropy, bending the a-y



n, P-Fe with a



bcc crystal structure is not a phase different from o-Fc [30]. Additionally under high

pressure, iron may show a hexagonal crystal structure as is shown in Figure 2- 1 . The a-y

transition temperature is lowered and the melting temperature is raised as the pressure is

increased.

CNTs possessed ofa lot ofattractive mechanical, optical, and electric properties are

one of carbon isotopes. Iron is one of the most important catalysts used in the synthesis of

single walled or multiwalled CNTs (SWNTs and MWNTs, respectively) by chemical

vapor deposition, arc discharge, or laser ablation. As a result, synthesized CNTs encase

numerous nanosized iron particles. Figure 2-2 shows an iron-carbon phase diagram [31].

Even though FejC is a melastable phase, it is displayed in the phase diagram because it

takes quite a long time (indefinitely at room temperature) for it to decompose into iron

and carbon. Note that the phase diagram shows various phase fields only up to 6.7 wt %

of carbon, at which point iron carbide (FejC) forms. This is because FejC is not stable

when it is in contact with carbon and is easily decomposed into iron and carbon.

Consequently, phase fields over 6.7 wt% carbon cannot be defined. y-Fc is different in

many respects from u-Fe. y-Fe dissolves up to about 2 wt% carbon while in a-Fc the

maximum solubility of carbon is just - 0.02S wt %. This is because the interstitial sites in

a-Fe arc smaller than those in y-Fe. Carbon dissolves into the interstitial sites ofboth

phases but the lattice parameter of y-Fc increases linearly with carbon concentration,

while the lattice parameter ofa-Fe is independent of the carbon concentration as long as

a-Fe is not supersaturated. The average value ofthe work function of a-Fe is 4.7 eV,

which is slightly different from that ofy-Fe (4.68 eV) [32].



As was mentioned above, a-Fe is ferromagnetic at room temperature while y-Fe is

paramagnel ic Since the physical properties of y-Fc are diflerent from those ofa-Fe,

synthesis ofy-Fc inside CNTs can lead not only to the exploitation of the high

temperature phase of iron at room temperature, but also to the novel alteration of the

electronic structure of the nanotube.

2.2. Carbon Nanotubes

Carbon nanotubes (CNTs) were first introduced in 1991 as a new allotropc of

carbon [33]. While Iijima was carrying out an experiment on fitllcrenes (another allotropc

ofcarbon discovered in 1985 [34]) using an arc process, he found carbon clusters

including various shapes ofcarbon panicles. Some of them were a cylinder shape of

graphitic sheets, which was named carbon nanotubes. When CNTs are composed ofone

graphitic sheet they are called single wall nanotubes (SWNTs), and when they consist of

more than one graphitic sheet they are called multiwalled nanotubes (MWNTs). They are

similar in appearance to carbon fibers, which are much less graphitic and have a hollow

core. Figure 2-3 (a) and (b) show a schematic and a transmission electron microscope

(TEM) image of an armchair SWNT synthesized by the arc discharge technique [35].

ArmchairSWNTs are one of three kinds ofSWNTs classified according to their helicity.

The helicity has an impact on the properties of the pure and modified SWNTs, especially

on the electronic and optical properties. These will be described more in the following

sections. In Figure 2-3 (c) a clear high resolution TEM image of aMWNT filled with

samarium oxide is presented. The fringes representing the graphitic walls are separated

by - 3.4 A corresponding to the gap between walls ofa largeMWNT [36]. Carbonaceous

particles arc also shown on the outer surface of the nanotube.





with a solvent for optical applications. To satisfy these requisite conditions, much work

has been devoted to the coating, doping, and functionalization of the surface ofCNTs. In

the following sections each modification method will be explained in detail along with a

discussion ofthe various properties ofCNTs.

2.3. Modification ofCarbon Nanotubes

2.3.1 Graphitization

CNTs fabricated by various methods (especially nanotubes synthesized by CVD)

have a number ofstructural defects that negatively affect their original properties.

Andrews cl al. heat-treated CNTs (synthesized by a low temperature CVD method)

between 1600 and 3000 °C in an inert gas atmosphere and thereafter characterized them

for chemical purity, interlayer spacing, and defect healing (37], This graphitization

procedure produced CNTs (those that were annealed over 1800 °C) free ofessentially all

residual metal catalyst inside and at the lips of the nanotubes. This was accompanied by

structural reordering, which was confirmed by higher order diffraction spots from these

heat-treated nanotubes. Furthermore, it was found by x-ray diffraction that the interlayer

gaps between the graphene shells as well as the numbers of the wall defects were reduced

by the graphitization procedure, A similar result was also reported by Hamwi cl al in the

process of fluorination ofCNTs (38) . This ordered periodicity in the crystal structure of

the CNTs should lead to desirable thermal and electrical conductivities.

2.3.2. Opening and Oxidation

Synthesized CNTs normally have closed caps at the tips. These closed caps can be

removed by oxidation with heat treatment or oxidizing acids. Ajayan er al, reported that

CNTs were oxidized after annealing for a short time above around 700 °C, which caused

the etching ofthe tube caps and the thinning of the nanotubc walls through layer-by-layer
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peeling of the outer layers (beginning with the cap region) [39], Tsang el al. put CNTs

into concentrated nitric acid and refluxed before washing and drying [40], The product

showed about 80 - 90% of the nanotubes became open-ended. Figure 2-4 shows an

inverted bright field TEM image of aMWNT opened after heat treatment at 650 °C.

Mazzoni el al, calculated the energetics of the oxidation and opening ofCNTs [41], In

their study it was found that the cap oxidation is much more favorable than the wall

oxidation because the extra clastic strain energy accumulated at the cap region of the

CNTs can be dramatically released from the very start of the oxidation, and that catbon-

oxygcn-carbon structure generated at the cap is energetically stable.

Figure 2-4. Inverted bright field TEM image of a MWNT opened by annealing at 650 °C
(unpublished data).

Graphitization and oxidation procedures are also considered to be methods for

purification since these two treatments can help to gel rid of residual catalyst metals and

most of them using acids such as HCI, H2SO4, HNCh/H-SOi, and other oxidizing

reactants like H;Oj.

s. In addition, various purification procedures have been reported.



CNTs have been coaled with various melals and nonmetals to enhance the

properties ofCNTs or to acquire nanowires and composites. Zhang el at. coated CNTs

(suspended across a TEM grid) with diverse metals such as titanium, iron, and nickel by

the electron beam deposition and directly observed these coated CNTs with TEM [42],

They found some metals such as titanium, nickel, and palladium can make continuous

coatings on the CNT surface whereas some metals such as gold, aluminum, and iron form

isolated particles. They explained this finding by noting that, in general, the ability for

transition metals to bond with carbon atoms increases with the number of unfilled d-

orbitals in the metal. Therefore, metals like titanium can make a strong bonding (with

covalent bonding characteristics) to the outer shell ofCNTs. This accounts for the very

high condensation and sticking coefficient of these motals since many vacancies in the d*

shell of metals like titanium may rehybridize with the curvature-induced sp‘ orbitals of

CNTs, This is well compared with the experiment by GuctTet-Piccourt el al,, which is

about filling ofCNTs with metals (filling will be discussed more in detail later) (43). In

their study they put a mixture of graphite and metal powders into a hole in the anode and

applied high current and voltage (100 -1 10 amp d.c. and 20 - 30 volt). The condensation

of formed plasma yields CNTs filled with the metals. The result shows metals with an

incomplete electronic shell in the most stable ionic state able to fill the CNT cavities

while metals without incomplete shell such as tungsten and zinc exist only in the form of

carbide at the tips ofCNTs wilh no true filling ofthe CNTs. Accordingly, since the most

stable ionic state of titanium (Ti
4
') docs not have an incomplete d-shell. titanium can not

fill CNTs. This apparent discrepancy (that is, titanium can coat the outer surface ofCNTs

but cannot fill the inner cavity) may be explained by the fact that the filling materials arc
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in fact crystalline metallic carbide. Titanium carbide (TiC) has no vacancies in the d-

orbital, which makes it difficult to form stable bondings to the inner wall of theCNTs.

Accordingly, it can be said that vacancies in the d-orbitals of transition metals play an

important role in coating or filling CNTs.

Figure 2-5.High resolution TEM micrograph of a coated CNT. The inset is a magnified

image of the part indicated by the arrow.

Sccger el at. reported silicon oxide (SiO,) coating ofMWNTs using sol-gel

technique [44]. In their experiment MWNTs fabricated by the standard arc discharge

technique were dispersed in polyelectrolyte polyethylemine aqueous solution followed by

sonication and centrifugation. After repealing this process, the CNT dispersion was

mixed with sol which was produced with a mixture of tetraethoxysilane, water, and

ethanol. After sonication and centrifugation SiO«-coated MWNTs were synthesized.

Figure 2-5 shows a SiCVcoatedMWNT on which some parts are covered with an

amorphous phase while some other parts arc demarcated by the distinct fringes with a gap

0.30± 0.02 nm corresponding to that of 1 1 1
1 !

planes of silicon.

Coatings on CNTs are also used for the fabrication ofnanowires. Bezryadin el al.

deposited CNTs and suspended them overa slit etched in the substrate. They then



sputtered a superconducting alloy of amorphous molybdenum-germanium (Mo^Gen)

film to synthesize nanowircs to find out whether quantum phase slips can destroy

superconductivity in very narrow wires (45). Quantum phase slips are a controversial

source of electric resistance for ultrathin nanowires that causes them to cease being

superconducting. Here CNTs were utilized as a template for metal deposition. Besides the

above-mentioned various methods for coatingCNTs, thermal evaporation deposition has

also been used. In a report about coating CNTs with tungsten, tungsten filament was

heated to evaporate tungsten atoms and deposit them on CNTs [46].

2.3.4. Doping

Two types of methods for doping for CNTs have been attempted. The first method

was inspired by the previous silicon-based technique, that is, the incoiporation ofdopants

into CNT networks. Yi and Bemholc investigated the atomic and electronic structures of

doped CNTs by ab initio molecular dynamics [47]. They calculated the alteration in the

electronic properties ofsemiconducting SWNTs by the substitution of nitrogen or boron

for catbon in the nanotube. When nitrogen was doped into the carbon sites the SWNT

became an n-type semiconductor while with boron it became p-lype semiconductor.

The Louie group studied the atomic and electronic structures ofnanotubes formed

from a hexagonal boron-carbon nitride (BC2N) sheet [48]. Figure 2-6 shows a BCjN (4,4)

(chiral indices will be defined in a following section) nanotube. According to their

calculation, BC2N nanotubes are energetically stable with the stability being intermediate

between those of carbon and boron nitride (BN) nanotubes (BN nanotubes are the most

stable among these three kinds ofnanotubes). Due to the anisotropic geometry of the

BC;N sheet, these nanotubes were found to consist dominantly of chiral structures, which

can be n-type or p-type semiconductors by tailoring the atomic stoichiometry; the



substitution of carbon for boron and nitrogen results in n-doped and p-doped

semiconductors, respectively. The anisotropy ofthe BC:N sheet also results in anisotropy

in the electronic conductivity and, thus, helical currents along the shell ofthe nanotubes.

Based on these theoretical studies, an empirical attempt was made to dope CNTs with

boron and nitrogen by the substitutional method.

Figun?2-6. BC-N (4,4) nanotube,

Stephan cl al. synthesized composite carbon-boron nitride nanotubes by the arc

discharge technique [49], They put a mixture ofboron and graphite powder into a hole in

the graphite anode and the electric arc was discharged in an inert atmosphere. Fabricated

nanotubes contain up to 50% of boron and nitrogen concentration (which is generally 0

to 10%) according to measurements by electron energy loss spectroscopy. It was found

by TEM that the basal planes ofthese nanotubes are separated from each other with the

same spacing of those in MWNTs (-0.34 nm). In rare cases, two sets ofdiffraction spots

indicate the possible simultaneous presence ofseparated graphite and boron nitride



This type of doping has some drawbacks: first, it is difficult to adjust the amount of

dopants to specific cases, and second, the inhomogeniety in the arrangement of the

constituent atoms in the nanotubes causes increments in electric resistivity. These could

be serious impediments to the development of various electronic and photonic devices

and the integration ofcircuits.

The second type ofdoping is carried out by depositing dopants on the surfaceon

CNTs through thermal or electrical evaporation of the dopants. This is similar to

"coating" in terms ofcoveringCNTs with some materials but its main purpose is to

control the charge density in nanotubes. Tire Smalley group reported an enhancement in

the electronic conductivity ofSWNT bundles doped with potassium and bromine [501-

They used unoricnled nanotube bundles synthesized by the laser ablation method as the

matrix, bromine as an acceptor that was frozen with liquid nitrogen and then molten to

dope CNTs, and potassium as a donor that was heated with a small temperature gradient

for doping. Doped with bromine the nanotube bundle reduced its resistivity by an order

and this new resistivity was not changed by its exposure to air. Annealing the sample led

to recovery ofonly half the original resistivity value and redoping with bromine

decreased the resistivity to the initially-reduced value. They attributed this behavior to the

existence of at least two different bromine populations: weakly and strongly bound in the

doped material, or to the existence of a stable phase with intermediate bromine

concentrations. Additional measurements with x-ray diffraction could delect the presence

of the stable phase with intermediate bromine concentration. Doping with potassium

shows similar phenomena except that exposing this potassium-doped sample to air

immediately led to a large increase in resistivity several times greater than the pristine
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Figure 2-7. Resistivity veisus temperature for a bulk SWNT sample,

nanotubc values. We expect that this might be ascribed to the immediate oxidation ofthe

potassium, since the small size of the potassium can react with oxygen at a violent rale.

Figure 2-7 shows the effect ofdoping with potassium where curve a is for the pristine

SWNT bundle, curve b is for the doped bundle, and curves c and d are for the doped and

annealed bundle. In the figure, the slopes of curve a (above - 250 K) and of curve b are

similar while those of curves c and d appear to have the same value even though the

authors mentioned in the report that these curves have almost the same slope. An

explanation for this phenomenon might be the appearance ofa new phase by heat

treatment at 580 K. This would hold true ifthe speculation that the resistivity is limited

by electron-electron interaction (suggested by Smalley group) is excluded.

This second type of doping is accomplished by charge transfer between the

contacting materials which is induced by the difference in the work functions. For

example, in the above report the work function ofpotassium is 2.29 eV [5
1 ]
while that of
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a SWNT is known lo be 4.8 - 5.1 cV [52. 53). so electrons can be transferred from

potassium to a SWNT to make the semiconducting SWNT an n-type semiconductor. In

this way the electron density in CNTs can be controlled by controlling the amount ofthe

dopant. Also, since there is no substitutional or interstitial incorporation of the dopant

into the matrix (CNTs) needed, the scatteringand the increase in the resistivity by doping

do not result. Therefore, the second type of doping is currently preferred.

Zhou el at. reported doping ofCNTsby heating a dopant source and the resultant

current-voltage characteristics in selectively doped SWNT [54). In their experiment after

part ofa SWNT was covered with polymethylmethacrylate (PMMA), the remaining

uncovered part was exposed to potassium vapor (electronic donor). Since the original

SWNT behaves like a p-doped semiconductor, the exposure of the uncovered part to

potassium makes a p-n junction in one SWNT. Jhi el ai reported the p-type behavior is

induced by the adsorbed Oj from the ambient and each Or molecule attracts about 10%

ofan election from a SWNT [55]. However, it is controversial whether the pristine

SWNT acts a p-doped semiconductor or not. Derycke el al. prepared CNT transistors and

measured the effects of heating (in vacuum or in air) or doping (with potassium) CNTs

on the current-voltage characteristics [56]. Even though with a large amount ofoxygen

the CNT functioned like a p-type semiconductor, it could act in an ambiploar manner

(that is, conducting with either electrons or holes) at intermediate oxygen doses and an n-

type semiconductor when it was annealed in vacuum, which is not the anticipated

behavior ofa doped semiconductor. Doped semiconductors are expected to recover their

intrinsic electronic property instead of taking the opposite charge carriers when the

dopant from the semiconductors is eliminated. The authors suggested that the main effect
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of the oxygen adsorption is to modify the barrier property at the electrodc-CNT contacts

rather than to dope the bulk nanotubc.

2.3.5. Functionalization

Functionalization ofCNTs is to break carbon-carbon bonds and attach chemical

functional groups such as phenol and carboxyl to the open tips, the outer shells, or less

possibly the inner cavities ofCNTs. Chen et al. reported the dissolution of shortened

SWNTs functionalized with long alkyl chain in various organic solvents (57] Shortened

SWNTs were stirred in a mixture of SOCI; and dimethylformamidc (DMF). After

centrifugation and washing the resultant SWNTs were mixed with octadccylamine

(ODA) and heated, which made soluble SWNTs having the long-chain molecule ODA to

the open ends of shortened SWNTs. These SWNTs are soluble in common organic

solvents such as chloroform and dichloromcthanc even though they are insoluble in

water, ethanol, and acetone. It was also confirmed by proton nuclear magnetic resonance

('H NMR) that there were magnetically different types ofSWNTs in the sample.

Smalley group succeeded in fluorination of the side wall ofSWMTs [58]. After

purification ofSWNTs through refluxing, centrifugation, and filtering, the purified

SWNT suspension were filtered again and washed to form a free-standing film of

SWNTs called bucky paper. This bucky paper was ftuorinated by fluorine (Fi) after

mixing with the helium inert gas through appropriate annealing below 500 °C (above 500

°C SWNTs were destroyed forming nested tube-like graphitic structure similar to

MWNTs). The fluorine was covalently bonded to the sidewalls ofthe SWNTs. These

fluorinalcd nanotubes were deftuorinated by anhydrous hydrazine below 400 °C (this

time above 400 "C the nanotubes were annihilated during defluorination procedure).



These fluorinatcd nanolubes can be functionalized further, they can be reacted with

sodium methoxidc to produce methoxylated SWNTs [59J.

Bahra al. reported the functionalization ofsmall diameter SWNTs via

electrochemical reduction of aryl diazonium salts using a bucky paper eloctrodc [60].

This type ofreduction process allowed an aryl radical to covalently attach to the outer

surface ofCNTs, which has been also successfully applied to the functionalization of

other allotropes of carbon such as highly ordered pyrolitic graphite and glassy carbon.

Ni and Sinnott studied on a functionalization process ofCNTs by energetic

bombardment ofCH> radicals through classical molecular dynamics simulations [61].

They used a system consisting ofa bundle ofsix (10,10) SWNTs arranged in two layers,

each of which is 50 A long and comprised with 800 carbon atoms. Three different

incident energies ( 1 0, 45, and 80 eV) of the radicals were considered. The simulation

results were the scattering ofCHj radicals, the adsorption of the fragments (C, CH, etc)

ofthe radicals on the outer walls of the SWNTs, and the knocking out the carbon atoms

from the walls. In addition, defects and defect complexes such as pentagons, heptagons,

and octagons could be generated, defects could be healed when the impacts occurred

directly on the defects, or cross-linking between the SWNTs in the bundle through

bombardment at 80 cV were predicted to happen.

The Lieber group used covalently functionalized nanotubes attached to the atomic

force microscopy (AFM) tips as probes [62). Previously Smalley group showed that a

CNT attached to the AFM tip could be served as an advanced probe with an improved

resolution compared to the conventional silicon lips because ofthe high aspect ratio and

the flexibility ofCNTs [63]. The well-defined drop in adhesion force characteristicofthe



deprotonation ofa carboxyl acid was employed for validation ofthe existence of

carboxyl groups at the tips ofCNTs. With this carboxylic acid-terminated CNT (Figure

2-8) it was demonstrated that two sample areas with mcthyl-teiminated and carboxylic

acid-terminated, respectively, but without any height difference could be discerned

through chemically sensitive detection. Also, it was proved that these functional group-

terminated CNTs were useful for probing biological systems at the nanometer scale,

2,3.6. Filling

Filling is the process to put materials into the empty cavities ofCNTs, which is

accomplished mainlyby one ofthree well-known procedures. However, the common

mechanism applied for the first two procedures introduced below is the capillary force.

To find out if the capillary force can work for the encapsulation of a material by CNTs, it

is important to know whether the material is capable of wetting the surface ofthe

nanotubes; the contact angle between the surface and the material in a liquid state should

be less than 90° to fill the nanotubes according to the Laplace equation.

First, Ajayan and lijima succeeded in filling CNTs with lead [64], In their

experiment lead panicles were deposited onto the nanotubes, which were supported on a

holey carbon grid, and then, pure lead was evaporated by electron beam in vacuum. The

melting point of lead. This caused the nanotubes to be filled with lead or lead compound,

which were not identified in the paper. Anyway, melting lead in air in the presence of

CNTs breaks open the caps of the nanotubes and sucks up the molten lead into the empty

cavities by the capillary force until the inner hydrostatic pressure equilibrates the outer

pressure. When these two processes were done separately, that is, when CNTs opened

before filling were heated with lead, the yield of filling was so low that CNTs



Figure 2-8. Schematic of carboxyl acid-tcrminatcd CNT altached lo Ihe AFM lip.

encapsulated by lead or lead compound couldn't be observed easily. The authors

suggested that it might be caused by the fact that the inner cavity of the closed CNTs

forms vacuum, or near-vacuum, so that the opened nanotubes come to lack the ability for

the capillary force to compete with the factors such as surface tension and metal viscosity

and to suck up the molten lead. The reason that the closed nanotubes can keep lower

atmospheric pressure inside the cavities than outside is expected to be that at the high

synthetic temperature CNTs produce the cavities with low density. Since the caps arc also

formed at the high temperature (or slightly lower than Ihe synthetic temperature assuming

they are formed during cooling) the lower pressure inside the cavities of nanotubes can be

maintained even after cooling.

Dujardin el ai examined various materials to investigate the criteria for wetting the

surface ofCNTs, which are also applicable for filling [65]. The experiment came to the
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conclusion lhai to wet the surface (and therefore, to fill the empty cavities by the capillary

force) the surface tension of a material should be lower than 200 mN/m. This conclusion

helps to indirectly vindicate that an element with surface tension higher than 200 mN/m

can only fill CNTs when it forms a compound with sufficiently low surface tension to be

drawn in by the capillarity or when it is under high pressure to push itselfinto the

Ajayan el al. filled CNTs with vanadium oxide (VjOs) by melting pureV2Oj

powders in tile presence ofarc-fabricated nanolubes [66J. They obtained crystalline VjOs

(aligned along the b-axis of VjOs) embedded in the cavities of nanotubes. Intercalation

by VjOs into the gap where nanotubc layers were missing was also found.

The second popular method to confine materials inside CNTs is wet ohemistry.

Green group demonstrated a way of filling nanotubes according to which CNTs were

suspended in nitric acid solution containing metal nitrate such as hydrated nickel nitrate,

uranyl nitrate, iron nitrate, and cobalt nitrate, and refluxed [67], The resultant materials

found inside the cavities are oxides ofthe metals used and these were confirmed with the

fringe separation of the material observed by the high resolution TEM. They reported that

many (60 - 70%) ofthe nanotubes opened by nitric acid were filled with the metal oxide

but in case of separate opening filling the yield of encapsulation was low. Figure 2-3 (c)

shows one example ofa filled CNT where samarium oxide with ordered atomic

periodicity is encaged in the nanotubc. They also succeeded in confining silver, gold, and

gold chloride inside the cavities of nanotubes using a similar method (68]. In this report it

was found that the confined materials do not always fill to clog the whole cavities but

they might also fill a part of them ofCNTs.
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Third, CNTs can be filled wilh a residual catalyst or materials added on purpose to

the carbon source at the time that they are produced. It has been reported that catalysts

such as nickel, cobalt, and iron used typically for the synthesis ofCNTs can fill inside the

nanotubcs in the forms of nanoparticlcs and nanorods. The synthetic method employed

normally for encapsulating materials other than catalysts is the arc discharge technique.

Materials to be encased by CNTs are put into the electrode and the condensation of

plasma yielded with applied high current and voltage forms CNTs filled with materials

used. We mentioned the representative experiment by Guetret-Plccourt el al. when

discussing coating. Moreover, many reports have been introduced about filling CNTs

with diverse materials by this method [69,70).

The advantages that can be acquired from filling CNTs with many materials are as

follows; first nanosized wires with high aspect ratios can be synthesized after filling

CNTs wilh desired materials and getting rid of the nanotubes by heat treatment. Even

though a great number or methods to directly synthesize nanowires such as gallium

nitride and zinc oxide were reported [71,72], this method has its own merit since it keeps

the metal nanowires from being oxidized at the laboratory atmosphere for a long time

protected by the graphene sheath of the CNTs like - 4 A of silver nanowires covered with

self-assembled calix hydroquinonc nanotubcs [73). Hereby grown nanowires can be used

as advanced catalysts for the chemical reactions where an oxidizing condition is

maintained at least at the early stage of the reaction, so that the graphene sheath is

eliminated before the catalytic reaction starts. Their greatly increased surface to volume

ratio of these nanowires help them act as promising catalysts.
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Second, Ihe confinement of a material other than carbon inside the cavities of

CNTs can modify the original electrical and optical properties of the nanotubes because

ofthe interaction between Ihe confined material and the nanotubes. This will be discussed

more in detail in the following chapter.

Third, the encapsulated materials inside CNTs may generate a rich subtlety in the

phase diagram, that is, there may be shifts in the freezing or melting transition points in

the narrow pore differently from the cases of bulk materials. A recent report on the result

of computational modeling with water confined inside nanotubes can be explained in the

same way [74J. It is about a simulation by which it was vindicated that ice can form new

phases inside CNTs different from the 13 polymorphic phases of bulk ice identified

experimentally so far. It was also calculated that water confined in CNTs may have a

solid-liquid critical point not shown in bulk materials and can exhibit a continuous

transformation. Experimental reports about the unusual behavior inside the cavities were

also introduced.

The Green group also reported about the crystallography ofan one dimensional

crystal ofpotassium iodide encapsulated within a small SWNT after investigation by high

resolution TEM [75). According to their result the lattice parameters ofthe potassium

iodine are quite different from those in bulk potassium iodine. They suggested that this

large shift in the lattice parameters is caused by the adjustment of the potassium iodine

crystal to the arrangement of carbon atoms in the inner wall ofthe SWNT and the

reduction in the numbers of the neighboring atoms in case ofthe surface atoms of the

potassium iodine.



4. Properties of Carbon Nanotubes

2.4.1. Mechanical Properties

The reason that CNTs have been very attractive is that they have outstanding

mechanical, electronic, and optical properties. Because of the very stable covalent

bonding between carbon atoms and the network structure in the basal plane, CNTs have a

high modulus of elasticity. The bonding between shells in MWNTs is formed by van der

Waals force which causes the spacing between nanotubc shells to range from 0.34 to 0.39

nm according to the diameter ofsynthesized MWNTs [76J.

The value ofthe Young's modulus for SWNTs has some range because of the

different interpretation about the wall thickness ofthe SWNT. When the wall thickness is

considered to be the van der Waals radius of 3.4 A the calculated Young's modulus is I

TPa [77] which is similar to that ofhighly oriented pyrolytic graphite (~ 1 .06 TPa) [78],

When the value is normalized by density it is higher than that ofsteel wire and even that

ofsilicon carbide nanorods [78]. However, with the radius ofa carbon atom (0.7 A)

assumed to be the wall thickness, the Young's modulus is greatly increased to be about 5

TPa [79], The Young's modulus for MWNTs is estimated to be about 1 .28 TPa [77], The

high modulus ofCNTs leads several groups to synthesizing nanotube-reinforccd

composite materials.

2.4.2. Thermal Properties

Just like the electronic spectra ofCNTs or other nanosized systems which are

quantized because oftheir reduced dimension, phonon spectra in SWNTs were observed

to have one dimensional quantized phonon subbands via measuring the temperature-

dependent specific heat of purified SWNTs [80J. According to their result the specific
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heat of SWNTs differs substantially from that oftwo-dimensional graphene or three-

dimensional graphite.

Thermal conductivities ofCNTs have been calculated through computer simulation

and measured experimentally bymany groups but still there is a wide range in their

results. For reference, in case ofhigh quality graphite the thermal conductivity in the

basal plane is controlled by acoustic phonons and the value is as high as about 6000

W/mK ot the maximum and 2000 W/mK at room temperature. Ruoff and Lorents

suggested that the thermal conductivity ofCNTs would be higher than any other material

[81]. Hone era/, took a measurement for it with SWNT mats which were entangled

therein and the value for the intrinsic longitudinal themtal conductivity was induced to be

1750 - 5800 W/mK from the acquired value (35 W/mK for the SWNT mat) with the

assumption that the ratio of the intrinsic longitudinal thermal conductivity to the bulk

thermal conductivity is similar to that ofthe intrinsic longitudinal electrical conductivity

to the bulk electrical conductivity [82]. They speculated that the thermal conductivity of

SWNTs is dominated at all temperatures by phonons rather than electrons since the

empirically derived Lorentz number of the SWNT samples is about two orders of

magnitude higher than that for the materials ruled by an electron system. However, when

the thermal conductivity was measured with magnetically aligned SWNT films the

resultant value was around 200 W/mK, one order lower than above value even though it

was still effective that the electronic contribution to the thermal conductivity is

insignificant compared to the thermal contribution [83].

Kim el al. also measured the thermal conductivity of individual MWNTs bridging

two suspended islands which act healing elements [84]. They reported that the value for
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Ihe thermal conductivity is more than 3000 W/mK at room temperature and maintained

that this value is a lower bound of the intrinsic axial thermal conductivity of a MWNT

since they neglected the junction thermal conductance and assumed a solid isotropic

material to correct geometric factors. Even though this value is comparable to that

acquired through molecular dynamics simulations by Berber el al. [85], it is still different

from that measured and induced withMWNT films by Yang el ai, which is 2 x 10“

W/mK [86]. Although the thermal conductivity ofMWNTs in the radial direction is

believed to be lower than that in the axial direction, the coefficient ofthermal expansion

is isotropic in both directions for MWNTs and SWNTs, which is caused by the network

structure of the nanotubes [81].

2.4.3. Electrical Properties

Graphite is known to be a semimclal material in which the valence and conduction

bands overlap and thus no band gap exists. When this graphite sheet is rolled up into the

seamless cylinder shape ofCNTs the situation is dramatically changed; the electrons are

confined in a very short peripheral distance ofCNTs, so that the quantum mechanical

effect plays a major role in defining the electrical propertiesofCNTs. Depending upon a

pair of integers (n, m) that specify the diameter and the chirality ofa SWNT, the

nanotube can be metallic or semiconducting (Fig. 2-9) [87], When n is equal to m a

SWNT is called an armchair nanotube and has a band structure corresponding to that of

metal. When m is zero it is a zigzag nanotube and all the other combinations of n andm

make it called the chiral type. In case ofthe latter two types, SWNTs with n - m = 3q (q:

an integer) are expected to be metallic and those with n - m * 3q are predicted to be

semiconducting.
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Using a scanning tunneling microscope (STM) the diameter and the chiral angle of

individual SWNTs can be defined and the electrical property can be identified [87].

Semiconducting SWNTs have an energy gap of the orderof- 0.5 eV which is in fact

inversely proportional to the diameter. Since the diameter ofCNTs is controllable

depending on the size of the catalyst the energygap ofCNTs can be tunable indirectly

during the synthesis [88].

Conductivity of nanolubes have been measured up to now but the values obtained

are in the wide range ofseveral orders ofmagnitude because of, first, the quality of the

contact between a CNT and the electrode, second, the existence of defects and their

complexes on the surface ofthe nanotubes, and, third, the presence ofadded functional

groups such as OH and CO or adsorbed molecules such as O; and NHj, and so forth.

While it is generally accepted that the conductance ofSWNTs arc based on a ballistic

mechanism ofcharge transfer [89], the mechanism for the electronic conductance of

MWNTs is not clear up to now. Bachtold« at. measured the resistance ofan individual

nanotube and a contact resistance at a boundary with current feeders [90]. Using the tip of

AFM as a local voltmeter the electrostatic force acting between the tip and the nanotubc

was measured. The resistivity of aMWNT (9 nm in diameter) was gauged to be 10

kfl/pm and the contact resistance was calculated to be about as much as 5 k!2.

Previously, they reported pronounced resistance oscillations, called Aharonov-Bohm

oscillations, as a function of magnetic flux from magnetoresistance measurements on

individual MWNTs [91 ]. Along with a weak localization ofcarriers the resistance

oscillations at low temperatures imply that the electronic conductance in a MWNT is
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dominated by the diffusive charge transfer. Longer el ai also supported the diffusive

Figure 2-9. Chirality ofSWNTs and a SWNT-bascd transistor, (a) Relation between the

hexagonal carbon lattice and the chirality ofcarbon nanotubes. (b) Atomic
force microscope image ofa singlc-nanotube transistor, (c) Schematic side

view ofthe device,

mechanism for the conductance in MWNTs by measuring resistance of individual

MWNTs down to a temperature of20 mK under a magnetic field [92], However.



according to the Heer group's report the conductance ofMWNTs is quantized and

depends on the ballistic charge transport mechanism [93]. The Louie group maintained

that the inlcrwall conductance ofa MWNT is vanishingly small, so actually only the

outermost wall is responsible for the electron transport (ballistic) in capped MWNTs by a

theoretical analysis [94].

Great industrial and academic research into applications using these electronic

properties has been done, one ofwhich is the very flat panel display field where SWNTs

and MWNTs have been successfully employed as field emission electron sources [95,96],

When a voltage is applied across CNTs and anode (indium tin oxide (ITO) glass on

which a phosphor material is deposited), electrons tunnel from the nanotube tip into the

vacuum and excite the phosphor, so that visible light is produced from the phosphor and

comes out of the transparent ITO glass for the fiat panel display. Compared to thermal

emission electron guns from hot tungsten wires and heated materials with low work

functions, field emission from the tips ofCNTs does not need extreme conditions such as

ullrahigh vacuum and high voltages (It is for this reason that the former two field electron

emitters have not been widely adopted in the industries). In addition, nanotube electron

guns have very large amplification factors and greatly stable electron beam with a long

life time (over 10000 hours) [97,98]. This field emission based on CNTs can be utilized

in other fields; an x-ray source capable of practical medical imaging using a room-

temperature array of nanotubes and gas discharge tube based on nanotubes for protection

from lightning and alternating current power cross faults on the telecom network were

reported [99,100).



Anolhcr promising way of utilizing the outstanding electronic properties ofCNTs

is to assemble electronic devices and integrate circuits with SWNTs or MWNTs. As

current silicon-based technology gets incapable of shrinking the size ofelectronic devices

to Moore’s law, so-called 'bottom-up' technology developed from molecular electronics

has stood in the spotlight ofmany research institutes as replacement ofthe ‘top-down’

process and CNTs are at the center as one of the leading materials. The Dekker’s group

succeeded in fabricating CNT-based field elTecI transistor and logic circuits [101,102],

Also, SWNTs have been used as buildingblocks to fabricate diodes and recently, an

inverter [103,104], However, to supersede the long-dominating silicon technology this

new CNT-based technology should attain various technical prerequisites such as easy

manipulation ofCNTs to locate them at designated positions, prevention ofCNTs from

aggregation perturbing the electronic structure of the nanotubes, and facilitated selection

ofsemiconducting and metallic SWNTs. One of the major problems with CNTs was the

high Schottky barrier at the nanotubc-mctal junctions, which was recently solved using a

nobel metal with high work function and good wetting interactions with nanotubes as an

electrode [105],

2.4.4. Optical Properties

While the optical properties ofSWNTs were calculated to be dominated by the

chiral structures [106] those ofa well-aligned MWNT bundle were found to be similar to

graphite and to be insensitive to the chiral structures and small variation in the radius of

MWNTs [107],

Hcer el al. measured the optical properties with aligned CNT films by ellipsometry

[ 108], They found theCNT films with their surface parallel to that of the substrate are

optically isotropic, whereas the CNT films with their surface perpendicular to that of the



substrate are highly anisotropic. Recently, the Smalley group observed that SWNTs with

direct band gap fluoresce brightly in the 800 to 1600 nm wavelength region of the near

Figure 2-10. Optical limiting properties ofSWNTs, carbon black, and fullerens in

ethanol.

infrared and the intensity ofphotolumincscence is drastically suppressed by aggregation

ofthe isolated nanotubes or by acidification of the SWNT suspension [109). According

their report SWNTs were dispersed in aqueous sodium dodccyl sulfate surfactant, and

this suspension was strongly agitated by sonication followed by centrifugation to detach

individual SWNTs from bundles. This well-dispersed SWNT suspension shows the more

distinct electronic absorption spectrum than the mixture which was prepared without

centrifugation and thus preponderant with nanotube bundles.

Carbon black and fullcrene suspensions have a peculiar property, that is, when the

suspensions arc exposed to laser pulses the energy transmittance is constant below a

critical incident flucncc; however, in excess of the critical value the transmittance

decreases as the incident fluencc increases, which is called optical limiting property
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(1 10,1 1
1 ]. This unique property can be used for Ihe eye protection ofaviators when

exposed to intense laser applied by enemies. CNTs, whether they are SWNTs or

MWNTs, have also the optical limiting property when they are dispersed in various

solvents [1 12,1 13J. While optical limiting behavior observed with fiillcrene (Cm)

suspension occurs due to reversible and saturable absorption and subsequent nonlinear

refraction and scattering, optical limiting behavior in MWNT suspension may be ascribed

to the nonlinear scattering stemming from expanding microplasmas as in carbon black

suspension (1 1 3,1 14], Figure 2-10 shows the change in the transmittance ofcarbon black,

follerenc, and SWNT suspensions with increase in the input energy using a 532 nm laser

line [115]

Ago el at measured work functions ofMWNTs using ultraviolet phtoclcctron

spectroscopy (UPS) [116). They found that pristine MWNTs have a slightly lowerwork

function (4.3 eV) than that of highly oriented pyrolytic graphite (4.4 eV). MWNTs

oxidized by various methods (heat treatment at 900 °C, oxygen plasma treatment, or acid

oxidation) have different work functions (4.4 - 5.1 eV).



CHAPTER 3

3. EXPERIMENTS

3.1. Iron Particles in Carbon Nanotubes

The current experiments with iron panicles in CNTs were carried out through

annealing CNTs in three different ways. Each annealing method is introduced in

following subchapters after the description ofsynthetic process ofCNTs. Iron panicles in

the as-synthesized and annealed CNTs were analyzed using x-ray diffraction (XRD),

energy dispersive x-ray spectroscopy (EDS), and transmission electron microscopes

(TEMs), which is delineated in detail at the end ofthis chapter.

3.1.1. Synthesis of Carbon Nanotubes

The multiwalled nanotubes (MWNTs) used in this study were provided by Dr.

Rodney Andrews at University of Kentucky Center for Applied Energy Research. They

were fabricated by chemical vapor deposition (CVD) using ferrocene (FefCsHs)j) as a

catalyst and xylene (CsHilCHj);) as the carbon source. Ferrocene (temperature for

sublimation: - 140 °C) is known to be a good precursor for iron particles that can

catalyze the growth ofCNTs and xylene boils at about 140 “C before ferrocene is

decomposed at about 190 °C. Approximately 6.5 mol % ferrocene was dissolved in

xylene, and this solution was injected by a syringe pump, preheated to - 1 75 ”C before

entering into the furnace. The reactor temperature was raised to 700 °C in Ar/10% H2 and

cooled at the rale of about - 20 “C/min in Ar after the reaction, and the nanotubes were

removed at 50 - 100 °C. Carbon products were formed on the walls of the furnace tube

and on substrates. A high yield ofCNTs were produced and many ofthem contained

34
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iron-rich panicles normally in the shape ofa nanorod both internally and at their growth

fronts. The iron panicles inside the cavities ofCNTs were characterized.

3.1.2. Annealing Carbon Nanotubes ex situ by a Heating Element

About 3 mg ofMWNTs were put into a furnace. After the inside of the furnace was

purged with an inert gas (nitrogen) the nanotubes were heated up to 900 - 1 600“C at a

ramp rale of 1 5 7min. The temperature inside the furnace was calibrated using the

melting temperatures of metal materials such as zinc and nickel. Thereby measured

temperature has an error range of± 5 °. At each temperature they were held for 5 min,

and cooled to room temperature at the rate of - 40 7min. After dispersed in ethanol and

sonicated for about 1 5 min MWNTs were put onto a holey carbon film on and dried

before being loaded in TEM. More than 20 iron panicles inside the cavities ofCNTs

annealed at each temperature were investigated by TEM after being stored in ambient air

for 3 - 6 months. Onlyone particle from a CNT was measured to exclude the possibility

that CNTs heated only at a specific area ofthe furnace were selected. Some ofCNTs

were held for 2 hours at maximum temperatures or cooled to room temperature with - I

°/min for comparison. The ratio of the number ofy-Fc to the number ofa-Fo at each

tempcraiure was determined and the lattice parameters with iron panicles in CNTs heated

at each temperature was measured from selected area diffraction patterns (SADPs). Also,

the orientations ofy-Fe and o-Fe inside as-synthesizcd CNTs and CNTs annealed at

various temperatures were found with SADPs,

3.1.3. Annealing Carbon Nanotubes in situ under Electron Irradiation

MWNTs were dispersed in ethanol, sonicated for about 15 min, and put on copper

grids with holey carbon support films before drying. After they were loaded into TEM,



parts ofMWNTs, where therewere iron nanoparticlcs confined inside the cavities of the

nanotubes, were heated in situ with on intensive and convergent electron beam incident at

120 keV. The incident electrons raised the temperature of the iron particles and the walls

of the CNTs where the particles were confined. The pressure inside the TEM was held

below 4 x 10 s Tore during operation. The CNTs were cooled to room temperature by

removing the electron beam. The heal in the iron particles and the walls ofCNTs is

supposed to transfer to the copper grid via the rest ports of the nanotube and the carbon

film. After keeping the iron particles from the electron irradiation for I - 5 min SADPs

were taken and analyzed.

3.1.4. Annealing Iron in situ under Electron Irradiation

For this study iron powders (Aldrich. - 325 mesh) were dispersed in ethanol after

15 min of sonicalion and put onto a carbon film. The carbon film, which is not holey

unlike the laccy carbon film used for the measurement of iron particles in CNTs, is

supported on 30 - 60 nm ofa fontvar film and 300 mesh of a nickel grid. After being

inserted in TEM some of small iron particles (a few hundred nanometers in diameter)

were irradiated for about 1 sec by an intensive and convergent electron beam in situ with

the secondary condenser aperture (C2) open (Figure 3-1 (a)) before cooling to room

temperature by removing the beam. During the beam irradiation the pressure inside the

TEM was held at 4 x IO
'5
Tore. SADPs were taken with the irradiated iron particles to

investigate the change in the crystal structure and the formation of graphitic films on the

particles.
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3.1.5. Annealing Carbon Nanolubes in situ by a Healing Element

MWNTs, dispersed onto an amorphous carbon film supported by nickel grids and

dried. The grid was pul on a furnace equipped in a TEM specimen holder. Philips

TECNAI 20 in Oak Ridge National Laboratory was used ata 200 kV accelerating voltage

for which the sample holder (Figure 3-1 (b)) is equipped with an in situ turnace. The

Figure 3-1 Annealing by the electron beam and by a heating element (a) Schematic of

beam irradiation on an iron particle in a CNT (b) Schematic of the sample

holder used for in situ annealing in TEM.

temperature (1453 "C) of nickel is higher than that (1083 ”C) of copper. However, this

nickel grid sometimes causes a problem because of its magnetic property (ferromagnetic

at room temperature), so that the electron beam might be biased. A thermocouple, a

power line, and a water line to keep the heat generated in the furnace from transferring to

the other parts ofthe specimen holder are attached to the holder A washer was put

between the grid and a hexagonal screw to prevent a direct contact with the screw and

thus soldering at high temperatures. After loading the grid in TEM the temperature was

raised at a ramp rate of 10 - 50 °/min and after stabilization of temperature specimen was

lion the pressure inside TEM was held i : 1

0'7
Tore



The temperature was calibrated using the melting temperature (1064 °C) of gold

particles, whose diameter is from a few hundred nanometers to a few micrometers

averaging about I pm. The behavior ofa few hundred nanometeis of gold particles was

monitored to observe their melting by the contrast ofthe image and SADPs. However, it

was found out that the displayed temperature measured with the thermocouple attached to

the furnace is over 237 °C higher than the temperature of gold particles monitored. That

is, even when the displayed temperature was 1400 "C no change in the contrast ofthe

image and in the SADPs of the gold particles were observed.

3.1.6. Annealing Carbon Nanotubes in a Sulfurating Atmosphere

To monitor the behavior of iron particles in CNTs in a sullurating atmosphere the

condition under which iron is sulfuraled was tested. Therefore, iron powders (Aldrich, -

325 mesh) were pul into a tube furnace and the interior was purged with argon gas. They

were then healed up to 700 ”C with a ramping rato of 20 °/min in Ar/10% HjS and held at

the temperature for 30 min before cooling to room temperature. The product was

characterized with XRD.

CNTs were put into the tube furnace and heated at 650 °C in air for 30 min to open

up the tips of the nanotubes. Then, both ends ofthe furnace tube were closed and

connected to Ar and H;S gas tanks. Using Ar as a carrier 10% HjS was allowed to (low

in the tube while the temperature was raised to 700, 800, or 900 °C. At each temperature

the CNTs were held for 1 hourand cooled to room temperature. Opening ofCNTs and

sulfuration of encapsulated iron particles were investigated by TEM through analyses of

SADPs.



3.2.1. X-ray Diffraction

X-ray diffraction patterns were obtained by a Philips APD 3720 powder

diffractometer using averaged Cu Ka radiation (L = 1.5418 A). The samples were put

onto a glass substrate with a binder before measuring. The standard settings for the x-ray

generator were 40 kV and 20 mA. Conditions for measurement were a continuous scan, a

29 range of 10 to 80 a step size of 0.025 and a step time of0.5 sec. The x-ray spectra

obtained were analyzed using Joint Committee on Powder Diffraction Standards (JCPDS)

3.2.2. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

JEOL JSM 6400 and JEOL JSM 6335F were used to characterize the

nanostructures of zinc compound nanocrystals along with attached EDS (Oxford).

EspeciallyJEOL JSM 6335F (field emission SEM) was used to obtain high resolution

down to about 1.5 nm. The micrographs were obtained with a 15 kV accelerating voltage

at magnifications ranging from 100 to 2 x 10s ofspecimens. In order to examine the

chemical compositions, EDS was utilized.

3.2.3. Transmission Electron Microscopy

Four different models ofTEM were used to characterize the nanostructures of iron

particles encapsulated inside the cavities ofCNTs and zinc compound nanocrystals. They

are JEOL JEM 200CX, JEOLJEM 2010F, Philips 420 EM, and Philips TECNAI 20

operating at 200, 200, 120, 200 kV, respectively. Selected area diffraction patterns

(SADPs) and convergent beam electron diffraction (CBED) patterns were obtained and

analyzed. JEOL 2010F equipped with a field emission electron gun was used to take high

resolution images and fast Fourier transforms (FFTs). With Philips TECNAI 20 a



furnace-equipped specimen holder was used to heat CNTs in siru inside the microscope,

EDS attached to the TEMs except JEOLJEM 200CX was also used to analyze the

compositions ofsmall area of specimens.



CHAPTER 4
4. FCC IRON PARTICLES IN AS-SYNTHESIZED CARBON NANOTUBES

4.1. Results

A transmission electron microscopy (TEM) image of an iron-rich nanoparticle at

the centerofaMWNT is shown in Figure 4-1 (a) along with accompanying

microdifTraction patterns (DP) (Figure 4-1 (b), (c)). The diameter of the CNT is around

50 nm. The diameter of the particle is up to 10 nm and the length is 45 nm. As can be

seen, both DPs contain a single row ofclosely-spaced reflections superimposed on single

crystal patterns. In both DPs, the row of arc-shaped diffraction spots is oriented

orthogonal to the axis of the MWNT while their spacing corresponds to a real space

spacing of3.45 A, similar to that between walls ofa large MWNT (3.44 A) [76],

Furthermore, the slight tangential arcing ofthese diffraction spots is related to the slight

curvatureofthe MWNT . The single crystal patterns are indexed as being consistent with

the <01 1> and <1 12> zones of fee iron (a -3.51 A). Amorphous rings in the

microdifftaction patterns come from the holey carbon support film. Since there is no shill

in the lattice parameter of the iron nanoparticle, it can be inferred that the particle

includes at most a trace amount ofcarbon. Furthermore, the angle between these two

zones was experimentally determined to be about 30°, consistent with the angle between

these two directions in a cubic material. Since by energy dispersive x-ray spectroscopy

(EDS) only iron was observed from this nanoparticlc, it is concluded that this particular

particle is y-Fe (fee) instead of a-Fe (bcc) (Figure 4-1 (d)). Fe K„ and K„ are transitions

responsible for the x-ray fluorescence lines at 6.4 and 7.05 keV, respectively. This is



Figure 4- 1 . Analysis of an iron-rich particle confined in a CNT. (a) An inverted bright

field TEM image ofthe particle. The scale bar is 10 nm. (b) A
microdiffraction pattern from the particle, which can be indexed as coming
from [1 10] of fee iron (y-Fe). The innermost arc-shaped spots arc from the

(002) planes of the CNT, The ( 111
)
planes ofy-Fc and the (002) planes ofthe

CNT are parallel, (c) A microdiffraction pattern obtained after the beam was
tilted by about 30 degree along III and Tit Kikuchi lines, which can be
indexed as coming from |2II] of fee iron (y-Fe). (d) EDS elemental analysis
indicating the presence of iron from the confined particle and copper from the
sample grid.



surprising because a-Fe is Ihe stable phase of pure iron at room temperature and the

synthesis temperature is 2 12 °C below the a-y transition temperature.

Most of the iron nanoparticlcs contained in the middle of the MWNTs arc a-Fe as

shown in Figure 4-2. Although the EDS spectra are essentially identical to those shown

in Figure 4-1 (d), Ihe DPs are quite different. Specifically, the single crystal DPs (Figure

4-2 (b), (c)) are indexed as coming from the <1 1 1> and <1 10> zones of a-Fe.

Furthermore, the angle between these two zones was measured to be about 35®,

consistent with this analysis. Since the row ofspots from the walls of the MWNT is

parallel to different rows in the two a-Fe patterns, it is possible to determine the axis of

the a-Fe particle along theMWNT axis. Specifically, the two bcc directions that lie along

normals to the walls of theMWNT in these two patterns must both lie orthogonal to Ihe

axis ofthe tube. This implies that the cross-product of these two directions is the

direction parallel to the tube axis, in this case it is along the <1 1 1> direction. A schematic

cross section ofan a-Fe nanoparticlc oriented in the <1 1 1> direction within a CNT is

shown in Figure 4-2 (d). The <1 U> direction of a-Fe, which is perpendicular to the

page, is oriented parallel to the axisoftheCNT. The diameter of the shell is 1 1 .84 A.

An attempt to determine the relative amounts of the a-Fc and y-Fe particles was

made using x-ray diflraction (XRD). Unfortunately, the overall content of these particles

is insufficient to detect readily using standard powder diflraction. It is noted, however,

that the majority peaks that didn’t correspond to the CNTs could be indexed as cementite

(iron carbide). In fact most of the cementite particles were observed at the tips of the

nanotubes, although it was also common to find a-Fe at the tips. Finally, it is noted that
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Ifc. *41
Figure 4-2. Analysis ofa CNT conlaining an iron-rich particle, (a) An inverted bright

field TEM image of the particle. The scale bar is 10 nm. (b) A
microdiffraction pattern that can be indexed as being taken along the beam
direction of [1 11] from bcc iron (ct-Fc). The innermost arc-shaped spots are

from the (002) planes of the CNT. Clearly, the (Oil) planes of a-Fe are

parallel to the (002) planes ofthe CNT. (c) A (1 10] microdilfraction pattern

taken after tilting the beam direction by about 35 degree along 110 and 110

Kikuchi lines. In this pattern the ( 112) planes of ct-Fc are parallel to the (002)

planes of the CNT. (d) A drawing in which ct-Fc is encapsulated bya CNT.
Black circles represent iron atoms and a large open black circle stands for a

shell of the CNT.



the second most intense peak in the XRD patterns could have contributions from alt three

phases, i.c. d-spacingof2.03 A([111J„ (llO)„.or (220)„„„,.,..).

4.2, Discussion

4.2.1. Previous Theory

The present unexpected results suggest that y-Fe can form at 700 °C and, in some

instances, be retained to room temperature (almost 900 °C below the transition

temperature). According to several previously suggested mechanisms for the formation of

CNTs, iron particles should be in a liquid stale during synthesis in spite of the high

melting temperature for bulk iron (1538 °C) [117-120]. Three explanations have been put

forth to explain this abnormal phenomenon. First, a nanoparticle confined in a CNT may

undergo large shifts in the transition temperatures because of the relative increase in the

surface-lo-volume ratio and the intcrfacial energy between the nanoparticle and the wall

of the CNT [121,1 22]. In a cited study, nanoscalc gold particles were reported to

experience a severe change of up to around 1 000° in the melting temperature [123].

However, most ofencapsulated particles seen in the present work are much too large

(over 100 A) for this mechanism to be applicable.

Second, the incorporation ofexcessive carbon into the iron particles reduces the

melting temperature. In another cited report, Krivoruchko and Zaikovskii monitored iron

particles supersaturated with carbon in a TEM hot stage and noted that the particles can

be melted as low as 640 ”C [124], However, the facts have been known that some metals

saturated with carbon can break up and that metal particles can move randomly on the

substrate in a solid slate [125-127].



Figure 4-3. A brighl field TEM image of encapsulated panicles lading at the tip ofa
CNT. The scale bar is 50 nm.

The third explanation assumes that the heat generated by the decomposition ofthe

carbon source may raise the temperature. This explanation seems unlikely due to the fact

that the actual temperature is, at most, found to be only slightly higher than 700 °C [ 1 28],

Since all ofthese explanations seem unlikely to explain our results, an effort was

made to better understand the origin of the fine internal iron particles by closely

examining a number ofCNTs in the TEM. Significantly, it was noted that the size of the

cementitc and o-Fe particles located at the advancing tips ofthe CNTs were considerably

larger than the iron particles located inside the tubes. Furthermore, it was common to

observe "tails" on these particles (they are not just in the “pear" shape) - these "tails"

(usually ofct-Fe) tapered down into the cores of the CNTs (Figure 4-3). Based on these

observations, it is suggested that these utils gel "pinched off and left behind" to produce



Figure 4-4. A meial dusling process, (a), (b) At an initial step of iron carburization iron

carbide and coke layers are formed near the surface, (c), (d) During further

carburization iron carbide is decomposed and iron layer is formed between the

coke and iron carbide layers.

the internal nanoscale iron'particles and that liquid iron is never present under the

processing conditions typically used to produce these nanotubes.

4.2.2. Current Theory

In an effort to understand this process more clearly, it is important to consider the

stable and metastable phase equilibria between the various phases. First of all, it is well

known that iron carbide forms a metastablc equilibrium with both a-Fe and y-Fe while

graphite forms a stable equilibrium with these phases. Further, there is no metastablc

equilibrium between iron carbide and graphite. Thus, it is unlikely that there will be



intimate contact between the iron carbide and the CNTs since the latter is essentially the

graphitic phase in a cylindrical form. This implies that the iron carbide particles at the

tips of the CNTs are separated from the CNTs by layers of either a-Fe or y-Fc. Previous

reports support this hypothesis with findings showing that when bulk iron is exposed to a

large amount of carbon at 400 - 800 °C, cementitc and graphite are produced on the

surface and a thin layer of iron is formed between the cementitc and graphite as a result

of the decomposition ofcementitc, and this iron layer acts as a catalyst for further

deposition of carbon (a so-called ‘metal dusting’ process) (Figure 4-4) [129-131]. Ifthis

is the case, then the growth of the CNTsmay very well be by a decomposition reaction,

namely, iron carbide — a-Fe (or y-Fe) + CNT (or graphite) and by the diffusion of

carbon through the particles. Even though only cementitc was observed at the CNT tips,

it is possible that other iron carbide phases may act as a catalyst during synthesis, similar

to the suggested mechanisms for producing carbon filaments [125,132,133], Since the

growth temperature is close to the metastable and stable eutectoid temperatures in the Fc-

C system, the formation of either y-Fe or a-Fe by this mechanism is expected to have

similar energetics. Actually, according to a previous report [131], the difference in Gibbs

tree energy ofy-Fc ora-Fe at 700 “C is small when the carbon concentration in both

phase is small (Figure 4-5). This is true in this case because the lattice parameters ofy-Fe

and a-Fe are very similar to the calculated values indicating that the carbon concentration

is not high.

A schematic ofthe proposed formation mechanism is shown in Figure 4-6. The

ferrocene and xylene are introduced into the chamber and result in the formation ofiron



carbide. The high activity ofcarbon results in the decomposition of the iron carbide into

both Fc and C, the latter in the form ofCNTs. The iron left behind is in the form of the

•‘tails” mentioned above; these tails get pinched offand result in the discrete single

crystal particles inside the CNTs. Because of the growth temperature, these particles arc

either a-Fe ory-Fe; ifa-Fc, they remain stable to room temperature while the y-Fe

particles should transform to a-Fe on cooling. It is reported that metal particles may act

like liquid much below the melting temperature, so that they can coalesce at low

temperatures (Figure 4-7) [134]. Therefore, the pinched-offiron particles are expected to

conform to the cavities ofCNTs even at 700 °C forming the rod-shaped iron particles.

The observation that, in some instances, the y-Fe retains its structure at atmospheric



(a) (b) (c)

Figure 4-6. Schematic diagram of the proposed formation mechanism for iron-rich

panicles and CNTs by CVD. (a) Building up of a nanotube via the

decomposition of iron carbide and diffusion ofcarbon, and pinching off at the

bottom of iron layer formed between iron carbide and a growing nanotube, (b)

Elongation of an iron tail grown from the pinching off. (c) Formation of an

iron nanoparticlc inside the nanotube and another pinching off.

pressure during and after furnace cooling to room temperature is explained as follows.

Once y-Fe forms in intimate contact with the walls ofa CNT via the decomposition

reaction just suggested, the transformation to a-Fc should occur on coolingby a

nucleation and growth process involving about a 9% volume expansion; while this occurs

fairly readily in bulk Fe-C alloys, the lack of grain boundaries for heterogeneous

nucleation plus the constraining effect of the high modulus CNT walls(E- I TPa

according to Refs. 135 and 136) may make this transformation energetically difficult

Furthermore, since the coefficients of thermal expansion (CTE) ofa CNT and y-Fe(CTE

in the direction perpendicular to the axis ofthe multiwalled nanotubes ((1.6- 2.6) x 10"

VK in the range of298 to 873 K, CTE ofy-Fe: 2.2 x IO'TfC in the range of0 to 1500 K)

are comparable to each other, the net volume change induced by thermal contraction ofa

CNTand y-Fe upon cooling from 700 "C to room temperature is negligible relative to that

ofthe transformation [138,138]. Therefore, y-Fe confined in a CNT can maintain its
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Figure 4-7. Coalescence processes ofAg panicles evaporated onlo NaCI at 100 “C.
Isolated Ag islands in (a) coalesce in (b) and (c). and form a network structure
in (d) with deposition time. Melting temperature ofAg is 961 °C.

crystal structure at atmospheric pressure and room temperature for a long time without

changing into a-Fe because of the suppression ofa CNT against the fcc-to-bcc

transformation can lake place even with the very fast cooling rate [139] this is a

remarkably abnormal phenomenon. It shows a material inside a CNT may generate



diversity in the phase diagram as well. Sheathed within a CNT, the y-Fe can also be well

protected from being oxidized.

4.3. Conclusions

We found that a significant number of the iron particles encapsulated by the CNTs,

which were fabricated at 700°C, furnace cooled, and then stored for over 5 months in

ambient atmosphere, form and retain the fee structure (y-Fe) (instead oftransforming into

the more stable bcc phase (a-Fe)). Other particles were found to be a-Fe both at the tips

of and inside CNTs, and cementitc (FojC) at the tips. Based on these observations and

thermodynamics it was proposed that iron carbide plays an important role in forming

CNTs and is separated from innermost walls ofCNTs by y-Fe or a-Fe, which can get

pinched off and result in the discrete single crystal particles.



CHAPTERS
S. PHASE TRANSITION OF IRON IN CARBON NANOTUBES UNDER ELECTRON

IRRADIATION

5.1. Observation of the Transformation of Iron in Carbon Nanotubcs

In Figure 5-l(a) a MWNT containing a long iron nanorod is shown. With the

SADP (Figure 5-1 (b)) the particle was indexed as being along the <001> zoneofa-Fc.

The innermost diffraction spots come from the (0002) planes of the MWNT and their

spacing corresponds to a real space spacing of- 3.4 A. The ring patterns are from the

holey carbon support films. After irradiation by the electron beam, the long iron particle

was reduced in length by about 30% with a slight increase in diameter (Figure 5-l(d)).

The SADP taken from the particle after the irradiation indicates that the particle was

transformed into y-Fe (Figure S-I(c)), which is identified to be in the <1 10> zone ofy-Fe.

The simulated SADPs in Figure 5-I(c) and (f) demonstrate their similarities to the real

SADPs. There is a Bain's mechanism for the y-to-a transformation [140,141], In the

mechanism the body centered tetragonal (bet) structure in the fee structure ofy-Fe is

transformed to the bcc structure ofa-Fe after a contraction by about 1 9 % along the z-

axis and an expansion by about 1 4 % along the x- and y- axes. According to the

mechanism, the [ 110] zone ofy-Fe is changed to the [100] zone ofa-Fe while the (002)

planes ofy-Fe arc transformed parallel to the (002) planes of a-Fe. The SADPs in Figure

5-1 (b) and (e), which can be indexed as the 100 reflections ofa-Fe and the HO

reflections ofy-Fe, respectively, are aligned following the Bain's mechanism (the beam

direction was not changed when obtaining these SADPs).

52
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Figure 5- 1 . Effecl ofelectronic irradiation on an a-Fe particle, (a) A bright field (BF)
TEM image ofa MWNT filled with a long iron nanorod. The arrow indicates
the length of this original iron particle, (b) An SADP obtained with the iron

particle in (a) shows the <001> reflections of bcc iron (a-Fe). (c) A simulated
<001> reflections ofbcc iron, (d) A BF TEM image ofthe iron particle after
the beam irradiation. The arrow indicates the reduced length of the particle,
(e) An SADP taken with the irradiated iron particle comprises the <1 10> zone
ofthe high temperature phase of iron (fee iron (y-Fe)). (0 A simulated <001>
zone of fee iron. Scale bars in (a), (d) are 50 nm.



Figure 5-2. A dramatic transformation of a-Fc in a CNT through the beam irradiation, (a)
A BF TEM image ofa MWNT confining an iron nanorod. An SADP obtained
with the iron particle showing the <001> reflections of bcc iron (a-Fe). (b) A
BF TEM image of the iron particle after it was significantly changed into a
spherical shape by the electron beam. An SADP taken with the iron particle

comprises the <1 10> zone ofy-Fe. Scale bars in (a), (b) are 50 nm.

In Figure 5-2 (a) aMWNT is shown, encapsulating a long and uneven iron particle.

The SADP takon from the panicle forms the 001 reflections ofa-Fe. Only a second after

the intensive electron beam was incident on the a-Fe did it shrink dramatically into a

5-2 (b)). The SADP taken with the changed particle after- 5° beam tilting shows the 1 10

reflections ofy-Fc,

The change in morphology ofa-Fe by the beam irradiation varies considerably

from particle to particle. As can be seen above, it can be moderate or so drastic that a rod

shape of a-Fe may be changed into a spherical shape. However, it was also found that the

change could be barely noticeable. This difference in the change of morphology can be

viewed distinctly with some polycrystallinc iron particles in a CNT. Even though most of

the iron particles encapsulated byCNTs are single crystals it is still possible to find some

> in the external diameter of the MWNT (Fig



polycrysialline iron panicles. In Figure 5-3 (a) a MWNT filled with a long iron panicle is

shown. This iron panicle was found lo consist of two grains, both of which were a-Fc

(Figure 5-3 (b) and (c)). Upon irradiation the iron panicle with the electron beam each

grain behaved di (Terentiy. The upper a-Fe grain shrank significantly while the lower

grain did not change its shape noticeably (Figure 5-3 (d)>. The SADPs taken from each

grain after the beam irradiation show that both grains were changed into y-Fc (Figure 5-3

(c) and (f)). Therefore, the upper tx-Fe grain transformed to y-Fe with an immediate and

large change in morphology whereas the lower a-Fe grain transformed without a

noticeable change in morphology. Note that both grains are oriented in the same direction

after the transformation (thebeam direction was the same when these SADPs in Figure 5-

3 (e) and (f) were obtained).

5.2. Mechanism suggested for the Transformation under Electron Irradiation

With the beam irradiation an estimated 80% ofbcc iron particles (a-Fe)

transformed in about I sec to y-Fe. These y-Fe particles were observed over 6 months to

retain their fee structure in the ambient atmosphere without being oxidized. During the

irradiation no damage on the CNTs were observed. The volume ofiron is reduced by

about 9% with the a-to-y transformation. Many ofthe iron particles confined in as-

synthesized CNTs were found to retain their high-temperature phase (y-Fe) in chapter 4.

In case ofy-Fe any alteration in morphology and the crystal structure was not observed

with the beam irradiation. With the irradiation for a longer time (3-5 min) by a lower

intensity of electron beam, the iron particles, whether a-Fe or y-Fc, transformed to iron

carbide (FcjC) with significant damage to the CNTs, The factors causing the a-to-y
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Figure 5-3. Di (Terence in (he change of morphology ofa-Fe grains in a CNT through the
beam irradiation, (a) A BF TEM image of aMWNT confining an iron

nanorod which is composed of two a-Fe grains. The arrows show the length
ofeach grain, (b) An SADP obtained with the upper grain showing the <110>
reflections ofa-Fc. (c) An SADP obtained with the lower grain showing the
<1 10> reflections ofa-Fe. (d) A BF TEM image of the iron nanorod after it

was heated by the electron beam. The arrows show the length ofeach grain

after the transformation, (e) An SADP taken with the upper grain comprises
the <1 12> zone ofy-Fc. (f) An SADP taken with the lower grain comprises
the <1 12> zone ofy-Fc. Scale bars in (a), (d) are 50 nm.

transformation are, first, the energy transferred from the incident electrons to a-Fc, which

induces a rise in the temperature ofthe particle. Second, the high surface tension of iron

(around 2080 mN/m at the melting temperature) [142] which causes the particle to reduce

its surface-to-volume ratio and experience a high pressure due to the high elastic modulus



Figure 5-4. An iron panicle confined in a CNT. Note lhal Ihe iron docs not fill the cavity
of the nanotubc completely. The arrows indicated unfilled pan of the cavity.

The SADP (inset) taken from the iron panicle is in the <1 1 1> zone ofa-Fe.
The scale bar is lOOnm.

ofthe CNT [65J. The reduction in the aspect ratio ofiron panicles help the particles to fill

Ihe entire cavity allowing tight contact with the inner walls of the nanotube. According to

the pressure - temperature phase diagram ofiron the high pressure lowers the a-y

transition temperature, keeping the y-Fe stable. Figure 5-4 shows an iron nanorod which

is not in tight contact with the cavity and indexed as being aligned along the <1 1 In-

direction a-Fe.

5-3. Expected Effect of the Transformation on the Carbon Nanotubes

Using this method for the formation ofy-Fe, two different phases of iron can be

encaged by a single CNT; some a-Fe panicles in a CNT can be transformed to y-Fe

selectively. Since y-Fc is different from a-Fe in many aspects as is mentioned above,

three pans ofa CNT (the two parts containing a-Fc and y-Fe and the other pan having no

iron particles) will show different properties. The pressure induced by the contraction of
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a-Fe and the strong tendency ofy-Fe to expand and transform back into a-Fe in the

ambient atmosphere cause the region of a CNT containing the y-Fc to experience a large

strain. Due to the strain induced by the confined iron, the periodic potential experienced

by the electrons in the CNT will be altered, so that the band structure and the energy gap

may be also changed [143,144], In addition, the charge transfer between a CNT and y-Fe

(or a-Fc) can cause a partial bending in the band diagram making an Ohmic or Schottky

burner depending on the relative values of the work functions. The known values of the

work functions ofy-Fe, a-Fe, single-walled nanotubes (SWNTs), and MWNTs are 4.68,

4.7, 4.8 - 5. 1 , and 4.3 eV, respectively (for highly oriented pyrolytic graphite it is 4.4 eV)

[32, 52, 53, 1 16]. Therefore, the strain induced by iron and the charge transfer will

di fferentiate three dissimilar parts ofa CNT. In addition, the magnetic property ofy-Fe

different from that ofa-Fe is also expected to play an important role in affecting local

properties of a CNT.



CHAPTER 6

6. THE BEHAVIOR OF IRON PARTICLES IN CARBON NANOTUBES WITH
TEMPERATURE

6.1. Results and Discussion

6.1.1. Distribution of Particles inside the Cavities of CNTs

Inside the cavities of as-synthesized CNTs an estimated 90% ofparticles were iron

and the rest of them were iron carbide (FcjC: ccmentitc). On the contrary at the tips of the

CNTs, iron carbide was the most frequently-observed particles and all the other particles

were a-Fe. Since the aim of this study is to monitor the behavior of the iron particles in

CNTs with temperature, we focused on the iron particles inside the cavities ofCNTs.

Many as-synthesized CNTs encased 2 or 3 particles and. in some cases, dozens of

particles were observed in a CNT. Iron particles inside the cavities ofthe CNTs are

normally in a nanorod shape and their size was from about S to tens ofnanometers in

diameter and up to a few micrometers in length. The numbers ofy-Fe and a-Fe in

annealed and as-synthesized CNTs were counted through analyses of selected area

diffraction patterns (SADPs) taken with iron particles in those nanotubes. CNTs

measured were randomly selected from the TEM grid. Only one particle from a CNT was

counted in to avoid the possibility that CNTs annealed at a specific area of the furnace

were chosen for the measurement. From some CNTs all the confined iron particles were

indexed to be y-Fc or a-Fc. Most of iron particles inside CNTs were indexed to be single

crystals. In Figure 6-1 the high resolution image ofa CNTshows periodic repetitions of

fringes in a representative iron single crystal and the wall fringes of the nanotube with the

59
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Figure 6-1 . A typical iron particle in a CNT. (a) A high resolution TEM image ofan iron

particle encapsulated in a CNT. The scale bar is2 nm. (b) An image

magnified from the white box in (a). Hexagonally symmetric arrays are

shown. The arrow indicates the <1 10> direction of ct-Fe. (c) Fast Fourier

transform of the image in (a). The six spots equidistant from the center

correspond to the (110} planes of a-Fe indicating that the iron particle is in

the <1 1 1> zone ofa-Fe.

magnified image and the Fourier transform indicating that the iron is in the <1 1 1> zone

of a-Fe, Polycrystalline iron was found to be less than 10 % of the total particles in

CNTs. Especially, polycrystallino particles with heterogeneous grains composed of(y-Fe

and a-Fe) or (iron and iron carbide) are observed only in very rare cases in our study.

This result is quite different from that which Prados ct al. obtained with CNTs

synthesized by a similar method [145]. In their report, the authors proposed that CNTs

should contain y-Fe / a-Fe interfaces, and cored structures consisting of a-Fe, y-Fe, FejC,

and carbon.

In current experiments it was found that the ratio of the number ofy-Fe (fee) to the

number ofa-Fe (bcc) in as-synthesized CNTs is surprisingly almost as high as 0.7

(Figure 6-2). This indicates that the formation of either y-Fe or a-Fe under the synthetic
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Figure 6-2. The distribution ofy-Fe inside the cavities ofCNTs with annealing

temperatures. The y-axis represents the number ratio ofy-Fe to a-Fc while the

x-axis stands for the annealing temperatures. The numbers above the data

points indicate the total number of iron particles measured at each temperature

byTEM. Tile arrows indicate the regions for phases of bulk iron and the lines

correspond to the average ratios in the ranges of 0 - 900, 1000 - 1300, and

1400-1600 °C, respectively.

condition has similar energetics and many ofthereby formed y-Fc particles can keep their

crystal structure due to the high clastic modulus ofCNTs as was suggested in chapter 4.

Muhl et al. reported that CNTs synthesized on silicon substrate by a similar method were

found to contain y-Fc by XRD analysis [146], However, the data they showed in the

report undermine the credibility oftheir conclusion. First, in the XRD pattern, any Bragg

di fraction corresponding to iron carbide is not shown, which is opposite to the normal

cases for the synthesis ofCNTs using iron as a catalyst [147-151], Second, many of the

Bragg diffractions identifled as iron can be also indexed as coming from iron carbide.

In the range of 1000 - 1 300 °C the relative number ofy-Fe particles was increased
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oC show increased intensity from iron catbide.

slightly to about I . In this temperature range, the aspect ratio ofmost of the rod-shaped

iron particles were decreased ("shortening") even though below and above the

temperature range shortening sometimes occurs. When the maximum temperature rose

above 1400 °C, the relative number ofy-Fc was enormously enlarged, so that the

ratio was changed to higher than 2. That is, many a-Fe particles in CNTs, which were

heated above 1400 °C, transformed to y-Fe and kept the fee structure after being held in

the ambient atmosphere for 3 - 6 months. Other observations with CNTs heated at high
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Figure 6-4. The lattice parameters of a-Fc and y-Fe averaged at each temperature. Note

that the lattice parameters of the two iron phases show a linear dependence on

the temperature and the slope for a-Fe is about half the value for y-Fe.

temperatures than the increase in the relative number ofy-Fe were a decrease in the total

number of iron carbide. Figure 6-3 shows the XRD result obtained with CNTs heated at

various temperatures. It does not show much difference in XRD patterns up to 1300 °C

but CNTs heated above 1400 "C display distinct increases in the intensity ofthe Bragg

diffractions from iron carbide. The similar result was obtained when the holding time af

°C slightly higher than the a-y transition temperature for 12 his showed almost the same

y/o ratio with those heated at 900 °C for 5 min. This result indicates that after all the a-Fe

particles transformed to y-Fe inCNTs almost all of them transformed back to a-Fe at



room tempcraiurc. Therefore, the reason lhal the y-Fe phase is observed more often in

CNTs healed above 1 000 °C is nol because il is thermodynamically more stable on the

inner wallsofCNTs than the a-Fc phase. With iron particles in CNTs heated at high

temperatures the phase separation of (iron particles -» iron + iron carbide) was not

observed during cooling. The phase separation was nol observed either when the cooling

rate was - I °/min. Neither the phase separation of(iron particles -> iron + carbon) was

observed with a high resolution TEM. The average lattice parameters of a-Fe and y-Fe in

CNTs heated in the temperature range were measured from analyses ofSADPs. The

innermost diffraction spots from the walls ofCNTs were used as a reference for the

calibration of the camera length. The average lattice parameterofy-Fe in CNTs heated at

a higher temperature was found to be larger (Figure 6-4). The lattice parameter ofy-Fe is

reported to increase with the amount ofdissolved carbon [152]. Therefore, the carbon

concentration of y-Fe in CNTs is expected to increase with the annealing temperature. A

linear regression analysis of the data for y-Fe shows that an averaged dependence of the

lattice parameter on the annealing temperature is 8.2 x 10's A/K. Interestingly, this value

is comparable with the temperature dependence of the lattice parameter for y-Fe obtained

with iron - carbon alloys at high temperatures (8.971 x 10'! A/K) [152] even though in

current experiment the data were acquired after the samples were cooled from each

temperature, Another interesting feature is that the lattice parameter of a-Fe was also

found to increase with the slope of 3.8 x 10'5 A/K as the annealing temperature rose.

According to the report [152], the lattice parameter ofa-Fc is not dependent on the

carbon concentration because only a negligible amount of carbon can dissolve in a-Fe.

Therefore, the excessively-dissolved carbon is expected to remain in the a-Fe particles in
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Figure. 6-5. A bright field (BF) TEM image ofan iron particle in a CNT heated at 1600

°C. Note that its morphology is a spherical shape. The SADP (inset) shows a

<1 10> zone axis ofy-Fc. The scale bar is 50 nm.

CNTs without being segregated during cooling,

6.1.2. Mechanism Suggested for the Formation of y-Fe in CNTs

The reasons for the formation and retention of the stable y-Fe in CNTs at high

temperatures arc expected to be a rise in the temperature of the iron particles above the a-

f transition temperature (912 °C for bulk iron), a decrease in the aspect ratio

("shortening") ofthe rod-shaped iron, and melting ofthe iron particles. y-Fe formed

during heating is supposed to transform back to a-Fe during cooling. However, whon the

transformed y-Fc comes into tight contact with the inner wall ofCNTs, it can hardly

transform back to a-Fe because the high clastic modulusofCNTs will not allow an

increaseby about 9% in the volume necessary for the transformation ofiron. The

coefficients of thermal expansions for iron and MWNTs are similar to each other

[ 1 37,1 38], so that the net volume change induced by thermal contraction of a CNT and y-
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Figure 6-6. Effect ofan in situ annealing by a heating element, (a) A TEM image of an

iron particle encapsulated in a CNT before heating by a heating element, (b)

An SADP taken with the iron particle in (a) shows the <1 1 1> zoneofa-Fe.
(c) A TEM image ofan iron particle encapsulated in a CNT after heating, (d)

An SADF taken with the iron particle in (c) shows the same <1 II> zone ofa-

Fe. The scale bars are 100 tint.

Figure 6-7. A TEM imageofCNTs damaged by oxidation during annealing at a high

temperature. The scale bars are 50 nm.



Fe upon cooling from high temperatures to room temperature is negligible. Such tight

contact maybe obtained by shortening and melting of iron particles in CNTs.

It was mentioned that shortening of iron particles in CNTs may facilitate the a-to-y

transition. According to chapter 5, shortening ofa-Fe particles by the electron beam

induces an increase in the pressure applying to the a-Fe particles by CNTs because ofthe

high clastic modulus of the nanotubes. The increase in the pressure lowers the a-y

transition temperature and holds the transformed y-Fe stable. Since most of the rod-

shaped iron particles shortened in the temperature range of 1000 - 1300 °C. the increase

in the yla ratio in the range is expected to be primarilydue to shortening. Another way to

make tight contact with walls ofCNTs, which is possible in this experiment, is by

melting the iron panicles. On melting the iron panicles may tend to change their

morphology into a spherical shape (Figure 6-5) on the inner walls ofCNTs making the

diameter of the panicles even larger than on shonening and possibly enabling the tight

contact. The materials having surface tension higher than 200 mN/m (iron: 2080 mN/m at

melting temperature) [142] arc reported not to wet the walls ofCNTs [65). Bulk iron

containing higher than 0.7 wt% carbon melts below 1493 °C and forms y-Fe without

forming 6-Fe during cooling. More amount ofcarbon was found to dissolve into iron

inside CNTs with the increasing annealing temperature as mentioned above. The

dissolved carbon lowers the melting temperature of iron in CNTs and stabilizes the

undercooled y-Fe phase. Therefore, il is believed that a considerable number of the iron

panicles in CNTs heated above 1400 ”C contain higher than 0.7 wl% of carbon, which

will melt below 1493 °C and possibly make light contact to the inner walls ofCNTs

before transforming to y-Fc without forming a bcc structure.



Figure 6-8. Orientation ofan a-Fe particle in a CNT. (a) A TEM image ofa CNT
encasing an iron particle, (b), (c) SADPs taken from the particle showing the

[001 ] and [Oil] zones ofa-Fe. The scale bars are 50 nm.

Figure. 6-9. Orientation of an a-Fc particle in a CNT. (a) A TEM image ofa long iron

particle encapsulated by a CNT. (b), (c) SADPs taken from the particle

showing the [001] and [1 33] zones of a-Fe. The SADP in (c) was taken after

tilling the electron beam from the first SADP about 46 ° along the ± 3l0
Kikuchi lines. The real angle between the two zones is 46.5 °. The (200) and
(301) planes arc parallel to the walls ofthe CNT. The scale bar is 100 nm.



Therefore, through shortening or niching, the encapsulated iron particles heated

below and above the melting point of bulk iron can transform to y-Fc and keep the new

crystal structure in CNTs after cooling down to room temperature. However, the effects

ofshortening in forming y-Fe inside CNTs by the electron beam and forming it by a

heating clement are distinctly different. When o-Fc particles in CNTs were heated by the

electron beam as was mentioned in chapter 5, all the particles observed were transformed

to y-Fe as long as they were shortened. On the contrary, in case of annealing iron

particles in CNTs by a heating element the relative number of y-Fc particles is only

slightly increased in the range of 1 000 - 1 300 °C where shortening of iron particles

occurs. It appears that only when iron particles in CNTs shorten much above the a-y

transition temperature (thus, on shortening the particles are above the a-y transition

temperature and the driving forces for shortening arc large enough to cause a large

change in the aspect ratio) can they form and retain the fee structure. The driving forces

for shortening of iron particles arc the mobility of iron atoms and the surface tension of

the iron. The mobility is increased with temperature and so is the surface tension of iron

up to about the melting temperature [153,154]. In fact, when iron particles in CNTs were

shortened below 900 °C they were found not to transform by heating (Figure 6-6). The

critical temperatures such as the a-y transition temperature of the iron particles in CNTs

is expected not to be significantly affected by their small size because the size of the

particles is still too large to be deviated from the thermal properties of their bulk

counterpart. Thereby formed y-Fe can modify the physical properties of the CNTs due to

the induced strain and the charge transfer.





6.1-3. Orientations of Iron in CNTs

To investigate the orientations of confined iron, two planes of the iron parallel to

the walls ofthe nanotubes were found from SADPs. The cross-product of the two

directions normal to these planes is the direction parallel to the longitudinal direction of

the rod-shaped iron and to the axis of the nanolubes. The conventional way of finding the

longitudinal direction of nanorods or nanowircs using diffraction patterns is to find

diffraction spots in the direction along which the nanorods arc aligned. Or using high

resolution TEM images the normal to the lattice fringes perpendicular to the direction

along which the nanorods are aligned is determined to be the orientations of the

nanocrystals (for example, sec ref. 11,155). This is true only when the nanocrystals arc

placed on the grid perpendicular to the electron beam. However, the cross-product ofthe

two crystallographic directions perpendicular to the walls gives the direction parallel to

the nanotube axis whether or not a CNT (or rod-shaped iron in it) is perpendicular to the

electron beam. It was found through this procedure that the iron particles inside the

cavities ofCNTs, whether they arey-Fe or a-Fe, arc oriented in specific crystallographic

directions. At this point it is not clear whether it is a result of the interaction between iron

and the nanolubes that the a-Fc and y-Fe particles are oriented in these directions. a-Fe

was found to be oriented along the <001> and <1 1 1> directions. Figure 6-8 (a) shows an

iron nanorod encased in a CNT. Two SADPs (Figure 6-8 (b), (c)) were taken with the

CNT alter lilting the electron beam about 45
0
along the± 200 fCikuchi lines from the

zone of the SADP in Figure 6-8 (b) to obtain the one in Figure 6-8 (c). They are indexed

as being along the (00
1 ) and (0 1

1 ) zones ofa-Fe, respectively and the angle between the

two zones is 45 '. The two innermost diffraction spots in these SADPs are identified to be



from the (0002) planes ofCNTs and other (0002n) spots (n: integer) such

diffraction spot corresponding to the (0004) plane are also viewed. The ring patterns

Figure 6-1 1. Bain model for the a-y transformation. The body centered tetragonal

structure (connected by the dark red lines) in the two face centered cubic

structures is transformed to a unit body centered cubic structure after about 20
% contraction on the c-axis and about 1 2 % expansion on the a-axes. With the

transformation the <1 10> directions ofy-Fe are changed into the <1 1 1> and

<U0> directions of a-Fe.

come from the holey carbon film of the TEM grid. In the SADPs the ( 110) and <211

)

planes arc parallel to the walls of the CNT, respectively. The cross-product of the (1!0]

and [2T1J directions is calculated to be the [I III direction of a-Fe, which is one ofthe

<1 1 1> directions. Through the same procedure the long iron particle in Figure 6-9 (a)

was found to be aligned along the [010] direction ofa-Fe These two directions were



found with the similar frequency and the other directions were not observed during

current study. Since iron with crystal structures may have anisotropic physical properties

depending on the crystallographic directions, the iron nanorods aligned along these two

directions will behove differently. First ofall. the energy band structure is different with

the crystallographic directions of a-Fe f 156]. Therefore, work function, defined as the

minimum energy necessary for removing an electron at the maximum occupied energy

level in a material [157], along the <001> and <1 1 1 > directions ofa-Fe are 4.67 and 4,8

1

eV, respectively [158,159], Along the <001> directions a-Fc is magnetized easilyby the

applied magnetic field (easy directions of magnetization) while along the <1 1 1>

directions it is magnetized least efficiently (hard directions of magnetization) [157],

Contrary to the case of a-Fe, it was found that y-Fe inside CNTs is aligned only in the

<1 10> directions. The iron particle in a CNT in Figure 6-10 (a) was indexed as y-Fe with

two SADPs (Figure 6-10 (b), (c)) showing the [1 10] and [01-3] reflections ofy-Fc,

respectively. In the SADPs the (002) and (1 10) planes arc parallel to the walls of the

CNT. Therefore, the cross-product ofthe directions normal to the two planes is calculated

to be the [II 0] direction. According to the Bain model for the a-y transition, the <1 10>

directions ofy-Fc are changed to the <1 1 1> and <001> directions ofa-Fe on

transformation (Figure 6-11) [140]. Interestingly, along the axis ofCNTs, a-Fe and y-Fe

particles keep the orientation relationships in accordance with the Bain model. These

specific directions of a-Fc and y-Fc panicles are not affected by the heat treatment, so

that iron panicles in CNTs heated at various temperatures are aligned in the same

directions with those in as-synthesized CNTs.



Cryslallographic slructurcs and orientations of iron particles in the cavities ofCNTs

with temperature were studied. It was found that in as-synthesized CNTs the number of y-

Fe particles is only slightly smaller than that ofa-Fe particles and above 1400 °C the

number ofy-Fe particles is doubled relative to that ofa-Fe particles The reason that y-Fe

forms and retains the fee crystal structure inside CNTs is expected to be a result of tight

contact formed between the nanotubes and iron particles above the a-y transition

temperature through a decrease in the aspect ratio (shortening) or melting of the iron

particles. y-Fe in tight contact with CNTs cannot expand and transform to a-Fe because

of the high elastic modulus ofCNTs. The dissolution ofcarbon into iron at high

temperatures may reduce the melting point of iron and increase the stability ofy-Fe to

make possible that the nanotubes heated above or below the melting point can form and

hold the fee structure. These lindings suggest an easy way for a mass production ofy-Fe,

which could be used as a novel catalyst or a modifier ofCNTs. It was also found that the

major orientations ofa-Fc in CNTs arc along the <001> and <1 1 1> directions while

those ofy-Fe are only along the <1 10> directions. The iron particles oriented in specific

directions may show specific physical properties due to the anisotropic nature of iron.



CHAPTER 7

7. THE BEHAVIOR OF IRON PARTICLES ON AN AMORPHOUS CARBON FILM
UNDER ELECTRON IRRADIATION

The x-ray diffraction ofiron powder was taken to confirm their chemical

composition. Figure 7-1 shows very sharp and distinct Bragg diffractions from the

powder corresponding to a-Fc, which is called ferrite and the stable phase ofiron in the

ambient atmosphere. However, it was found from SADPs that the iron particles arc

partially or entirely oxidized especially when their size is less than 1 pm. When these

iron or iron oxide particles were irradiated it was found that they might be reduced and

broken up into a few particles with graphitic films forming on their surface. Figure 7-2

(a) shows an oxidized polycrystalline iron particle. From the SADP (Fig. 7-2 (b)) taken

with the particle the diffraction rings can be indexed as being from a-Fe and y-FejOj

(maghemite, P4?32). When the particle was heated by the electron beam for about 1 sec it

was fractured into several small particles with one of the small particles leaving behind

the trace they passed on the carbon lilm (Fig. 7-2 (c)). In Fig. 7-2 (d) a relatively large

particle separated from the original particle is shown with the arrow indicating the

graphitic film on the surface. Beside the particle another small particle also formed from

the fracture of the original particle is shown with no graphitic film. In Fig. 7-2 (e) and (f)

SADPs taken from the particle are indexed as being from the [1T0] and [ITS] reflections

ofa-Fe, respectively. The SADP in Fig. 7-2 (e) was obtained after lilting the electron
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indicates the (0004) plane ofthe graphitic film, (g) A magnified image of the

panicle indicated by the arrow I in (c). The scale bar is lOOnm. (h),(i)SADPs

taken from the panicle showing the 1 1G] and [116] zones ofy-Fe.

taken from the particle with the latter tilted by about 22 “ along the ± 220 Kikuchi lines

show tile
[ 112] and [ 1T6] zones ofa y-Fe single crystal. In these SADPs the innermost

diffraction rings correspond to the (0002) planes ofgraphite. A rise in the temperature of

the iron panicle and the incorporation ofcarbon by the electron irradiation arc expected

to help fracturing and forming graphitic films. It was reporied that the incorporation of

carbon into small iron panicles could induce fracturing of the particles below the melting

temperature of iron [125-127], The particles, which do not have the graphitic film on the

surface, were found to be a-Fe or FejC. That is, no y-Fe was found without a graphitic

film on the surface. Therefore, it could be said that y-Fe is stable only encapsulated in

CNTs.

Bokhonov and Korchagin also reported that graphitic structures could be formed on iron

carbide particles afler heating severely stressed iron particles on an amorphous carbon at

300°C [160]. According to a report CNTs and other graphitic structures (carbon shells

and fibers) can be synthesized even above the melting temperature of iron (1950 - 2600

°C) used as a catalyst [161], Therefore, it is concluded from these previous reports that

iron, whether it is in a solid or liquid state, may catalyze the growth ofgraphitic

structures.

Confined tightly in the graphitic film the single crystal y-Fe particle was found to be

stable from repeated measurements afler cooling to room temperature like the y-Fe

particles encapsulated in carbon nanotubes. Inside the cavities ofCNTsmany iron

particles were found to form resembling the shape ofthe cavities, which has been cited to





Figure 7-3. Effect ofthe beam irradiation on an iron particle, (a) A TEM image of an iron

particle before the beam irradiatioa The scale bar is 350 nm. (b) An SADP
taken from the particle indexed as coming from y-FcjOiand ct-Fe. Each

diffraction ring is identified with indices from y-FejOj. Parenthesized indices

correspond to the planes of a-Fe. (c) A TEM image of the iron particle

changed magnificently in morphology after irradiation. The scale bar is

200nm. (d), (e) SADPs taken from the fan-shaped part and the darkest part,

respectively. They arc aligned along the (110] zone ofcementite (FejC). (f) A
magnified image of the darkest part of the particle in the center showing a

graphitic film. The scale bar is 150 nm.



suggest that they are in a molten state during synthesis. However, CNTs synthesized even

at 700 "C (834 "C below the melting temperature) were found to contain the rod-shaped

iron particles [37], It is known that even far below the melting temperature small size of

particles on a substrate can behave like they are in a liquid slate [134], In the report, Ag

islands evaporated onto NaCI coalesce like liquid even at 100
nC (melting temperature of

Ag is 961 V) and Ag crystallites on graphite or an amorphous carbon film move

randomly like liquid droplets even though diffraction patterns or moire patterns show the

Ag islands and crystallites are in a solid stale. Therefore, the rod-shaped iron particles in

CNTs can be expected to form even in a solid state during synthesis as a result of the

liquid-like property of the particles on the inner walls ofthe nanotubes.

It was also found that other than forming iron particles (a-Fc and y-Fc) iron

carbide (Fe.iC: cementite) could bo also formed during the beam irradiation. Figure 7-3

(a) shows an iron particle which is also identified to consist ofa-Fe and y-FejOj with the

SADP in Fig. 7-3 (b). When incident elections irradiated, a dramatic change in

morphology of the particle was observed (Fig. 7-3 (c)). The fan-shaped part of the

irradiated particle shows contour lines possibly coming its bent morphology and the

spherical part of the particle in the center exhibiting a distinct contrast is covered with a

graphitic film (Fig. 7-3 (c), (I))- The SADP taken from the fan-shaped part of the particle

is indexed as being aligned along the [1 10] zone of FcjC. Also, the SADP taken from the

dark part in the center represents the same zone of FC3C. The difference between the two

SADPs is that the SADP front the particle in the center includes the diffraction ring

corresponding to the graphitic film. Iron oxide encapsulated by a graphitic film was not

observed during the experiment. Therefore, it could be said that all the partially or fully



oxidized iron particles were reduced and some ofthem were carburized by the electron

beam on theamorphous carbon film.



CHAPTER 8

8. IRON PARTICLES IN CARBON NANOTUBES HEATED IN SITU BY A
HEATING ELEMENT

This experiment could not be performed properly because of the following reasons

First, the real temperature of iron particles in CNTs is quite different Rom the

temperature displayed in the gauge. Small gold particles put on the carbon film along

with CNTs were employed to calibrate the temperature. However, even above the 1064

°C (displayed temperature) the contrast ofgold particles was kept and SADPs taken from

Figure 8-1.TEM image and a SADP of gold particles, (a) Gold particles and CNTs on a

carbon film at 1400 "C. Note that the particles show a distinct contrast. The

scale bar is 2 pm. (b) SADP taken with the two spherical particles indicated

by the arrow in (a). The diffraction rings and spots arc indexed to be from

gold. Red circles in the drawing come from gold and blue circles are from

the panicles showed sharp diffraction rings or spots. When they melt crystalline particles

lose the contrast and their diffraction rings (or spots) arc broadened (or removed from

SADPs). Figure 8-1 shows gold particles and an SADP taken from one ofthe particles at



Figure 8-2. CNT networks obtained from repeated scooping ofdie CNT - ethanol

dispersion after burning the carbon film in air. Gold particles are also shown.

The scale bar is 2 pm.

400 °C (displayed temperature). The gold particles display a dark contrast and the

diffraction rings are sharp. The result was the same when gold particles were located at

the center of the carbon film or near the nickel grid. Even when the gold particles were

heated additionally by the electron beam at 1400 °C they kept the contrast in the image

and the sharpness in the diffraction rings indicating that the gap between the displayed

temperature and the real temperature is larger than 336
0
(= 1400 - 1 064 °C). The reason

for the large gap between the displayed temperature and the real temperature is believed

to be tho complicated path of heat transferred from the furnace to the gold particles. To

heat the gold particles heat should be transferred from furnace through the copper grid

and the amorphous carbon film to the particles. Even though the heal conductivities of

the media arc known to be high the coefficients of heal transfer between each other

appear to be low.



Second, al high temperatures when an iron particle in a CNT was monitored for

over 5 min the carbon film was seriously damaged and disconnected from the grid.

Therefore, CNT networks (Figure 8-2) were formed on the nickel grid after oxidation of

the carbon film in air and repeated scooping. Even when these networks were used for the

monitoring of iron particles at high temperature they were damaged by the electron beam.

The prime goal of this in situ heating by a heating elentont was to find out the a-y

transition temperature of the confined iron particles after calibration ofthe thermocouple.

However, because ofthe large gap between the displayed temperature and the real

temperature, and the damage in the supporting carbon film this goal was not

accomplished.



CHAPTER 9

9. SULFURATiON OF IRON IN CARBON NANOTUBES

9.1. Iron Particles inside Cavities ofCarbon Nanotubes

When iron powder (not confined in CNTs) was heated in a sulfarating atmosphere

(Ar/10% HjS) at 700 °C for 30 min it was found to react chemically with sulfur to form

iron sulfide. Figure 9-1 shows the result ofXRD analysis obtained with original iron

powder and heat-treated powder. All the Bragg diffractions from the heat-treated powder

were indexed as being from iron sulfide. This iron sulfide was identified to be troilitc,

which has a hexagonal system (P6j/mmc) with the c/a ratio (a: 3.43 A, c: S.68 A) being

1.65. The diffraction pattern taken from the primitive iron powder is also shown for

comparison. As was mentioned in chapter 7 the iron powder was, in fact, found to be

partially or totally oxidized through analyses with SADPs. Therefore, the iron particles

were reduced and sulfuratcd in the annealing atmosphere. To find out the reducing power

of the mixture gas when zinc oxide was heated under the same sulfurating condition and

characterized with XRD all the peaks was indexed as coming from zinc sulfide wurtzitc

after the heat treatment.

When CNTs were heated at 650°C in air for 30 min most of the tips of the

by annealing in the sulfurating atmosphere, sulfuration of iron particles inside the cavities

ofCNTs did not occur. Figure 9-2 (a) shows a CNT of about 30 nm in diameter, which

i in the Figure 2-2. Therefore, after this heat treatment cavities

88
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experienced the opening and sulfuration processes at 700 °C. The arrow indicates the

Figure 9-1 . XRD patterns taken from primitive (red) and sulfuratcd (blue) iron powder.

Note that alter the sulfuration the Bragg diffractions corresponding to iron are

about 10 nm in diameter and about SO nm in length with its aspect ratio being S. SADPs

were taken from this particle. The SADP in Figure 9-2 (b) is indexed as being from iron

forming the [1 10] reflections of a-Fe. The innermost diffraction spots come from the

CNT (the 0002 plane) and the distance between the direct beam and the spots

corresponds to a real space spacingof3.46 A. The two ring patterns come from the

amorphous carbon in theTEM grid. The SADP in Figure 9-2 (c) was obtained after

tilting the electron beam along the ± 110 Kikuchi lines by about IS This diffraction

pattern is aligned along the [331] zone o»fa-Fe. The real angle between the [1 10] and
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the nanotube is partially broken open possibly as a result ofoxidation at 650°C in air.

The panicle barely attached to the tip of the nanotube displays a hexagonally faceted

cross- section with the diagonal length being about 170 nm. The SADP. where the

diffraction spots ate arrayed hexagonally, taken from the panicle shows that the panicle

is iron sulfide aligned in the [0001 ]
direction oftroilite. The six facets of the panicle in

Figure 9-3 (a) arc parallel to the {1000} planes assuming the hexagonal cross section is

normal to the electron beam. It is conjectured that the pan of the CNT encapsulating the

iron or iron carbide panicle was oxidized during the opening process before the panicle

was sulftirated during the sulfuration process.

As mentioned in chapter 2 methods for filling a CNT have been developed before.

Confining a material inside a CNT by melting or bywet chemistry is accomplished by

the capillary force. It is known that only when opening and filling happen at the same

time the yield for filling is high whereas when the tips ofCNTs arc open before filling

the yield is low or zero. Since in this study the tips ofCNTs were broken open before the

atmosphere was changed to the sulfurating ambience the iron particles inside the

nanotubes arc expected to have little or no chance to come into a contact with sulfur.



CHAPTER 10

10. CONCLUSIONS

In ihis study iron particles formed inside the cavities ofCNTs during synthesis of

the nanotubcs by chemical vapor deposition were studied. Like other low dimensional

materials confined in nanosized or microsized cavities these iron particles also showed

abnormal behavior. Therefore, a high-temporaiure phase of iron (y-Fc) with a face

centered cubic structure was found to be stable inside CNTs at room temperature.

Another phase of iron (a-Fe) with a base centered cubic structure, which is the stable

phase in the ambient atmosphere, were also observed in cavities ofCNTs. Both phases of

iron were dominant inside CNTs. At the tips ofthe nanotubcs iron carbide (FcjC) and a-

Fc were found. The reasons for observing both phases of iron inside CNTs instead ofiron

carbide were considered. Therefore, a metal dusting process is expected to occur during

synthesis ofCNTs; it is suggested that iron carbide formed from incorporation of carbon

into iron catalytic particles should be decomposed to iron and carbon in the form ofa

nanolubc. The iron should be placed between the nanotube and iron carbide and pinched

ofTduring subsequent growth of the nanotube. This pinched-off iron should be likely to

form ti-Fe or y-Fe with a similar probability at the synthetic condition. Since Gibbs free

energy ofboth phases at the fabrication temperature (700 °C) is similar to each other

when the amount ofcarbon dissolved in iron is small, energetics for forming both phases

are considered to be similar. Thereby formed y-Fe is expected to hold its crystal structure

when it is in a tight contact with the walls ofCNTs because for the transformation ofy-Fc



to a-Fe a volume increase by about 9% is necessary, which may not be allowed due to

the high clastic modulus ofCNTs. Actually it was found that the proportion ofy-Fc was

estimated to be about 40% of the total iron particles in CNTs. By investigating iron

particles irradiated on a carbon film, y-Fe was found to be stable only when it was

confined in a graphitic film.

It was also found that a-Fe particles in CNTs can be transformed to y-Fe when it

was irradiated by the electron beam in transmission electron microscopy. This

transformation method was very efficient, so that a large number ofa-Fc particles were

observed to transform to y-Fe stable in CNTs. The reason for this transformation is

expected to be a rise in the temperature ofa-Fe above the a-y transition temperature, the

reduction in the aspect ratio of rod-shaped a-Fe particles and thus the formation of an

intimate contact with the walls ofCNTs. Again, Utus formed y-Fe in a tight contact with

CNTs is stable because of the high clastic modulus of the nanotubes.

When iron particles in CNTs were healed by a heating element in an inert

atmosphere and cooled to room temperature for TEM measurement the ratio of the

number ofy-Fe to the number of a-Fe was found to be increased with temperature. Also,

the proportion of iron carbide, which is about 10 % in as-synthesized CNTs, was

increased with temperature. Therefore, the ratio was measured to be about I in the

temporature range of 1 000 to 1 300 °C and larger than 2 above 1400 °C. Since

morphology of iron particles was mostly changed from a long rod shape to a short rod

shape in the temperature range of 1000 to 1 300 °C the main reason for the transformation

in this range is believed to be the reduction in the aspect ratio of a-Fc just like the case of

irradiation by the electron beam. Above 1400 °C most of iron particles by the dissolution



of carbon and Ihc reduction in the melting temperature are expected to melt. The high

surface tension of iron makes it possible to contact tightly with the walls ofCNTs as a

result of the increase in the diameter of the iron particle. In fact, the carbon ct enr an

in iron panicles were confirmed to be increased with the annealing temperature by

measuring the lattice parameters of iron panicles in CNTs. The lattice parameters ofy*Fe

and a-Fe were measured, so that iron panicles heated at a higher temperature were found

to have a larger lattice parameter, indicating that the carbon concentration in iron was

increased with the annealing temperature. The large amount ofcarbon in iron reduces

melting temperature of iron and stabilizes the y-Fe phase.

Furthermore, the orientations ofy-Fe and a-Fe in CNTs were investigated, so that it

was found that the iron panicles are aligned along specific crystallographic directions

inside cavities. Therefore, a-Fc is normally aligned in the <001> and <1 1 1> directions of

a body centered crystal structure while the predominant orientation of y-Fe is the <1 10>

directions of a face centered cubic structure. According to the Bain's mechanism for the

a-to-y transformation the <110> directions ofy-Fc is changed to the<001>and <1 11>

directions ofa-Fe. Inside the cavities ofCNTs both phases of iron keep this orientation

relationship. These orientations were found not to be disturbed by annealing. The iron

panicles oriented in specific crystallographic directions are believed to possess direction-

specific physical properties.

Since the physical properties ofy-Fe is not known well now, these y-Fe particles in

CNTs can be used to define the properties of the high temperature phase. Also, they can

be used as a new catalyst for synthesis of nanomaterials or chemical reactions because as

a catalyst they need to hold their crystal structure only at the initial slateofsynthesis or



reactions. As mentioned in chapter 5 y-Fe in CNTs can induce a strain in the nanotubes

and charge transfer between y-Fe and the nanotubes different from that between a-Fc and

CNTs occurs. Therefore, controlled transformation ofa-Fe in CNTs by the electron beam

may modify the optical or electrical properties of the nanotubes.

When small and oxidized iron particles (a few hundred nanometers in diameter) on

a carbon Him were healed by the electro beam in TEM, it was found that tile particles

could be fractured easily and form a graphitic structures on the outer surface after

reduction or carburization. Through the process a-Fc, y-Fe, and FcjC were identified

with SADPs to form with graphitic films on the surface. The y-Fe phase encapsulated in a

graphitic film was found to be stable like the one in CNTs while y-Fe without a graphitic

film was not observed.

When CNTs containing iron particles were healed in a sulfuraung atmosphere

(Ar/10%H2S)athigh temperatures after opening in air it was found that the iron

particles inside the nanotubes did not react with sulfur to form iron sulfide. However,

some of the particles at the tips ofCNTs were observed to be reacted with sulfur to iron

sulfide after the part of nanotubes encapsulating the particles was oxidized during the

opening process. The reason that iron particles did not react with sulfur is expected to be

that the exposure of the particles to sulfur and opening ofCNTs did not occur

simultaneously.
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